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Abstract 
One of the major challenges in the field of nanocomposites has been to distribute and 
disperse high loading fractions of carbon nanotubes (CNT) in epoxy resins through a route 
that is scalable to high throughput. Furthermore, CNTs have been employed as an additional 
constituent in advanced carbon fibre composite materials to improve their poor matrix 
dominated properties in the drive to manufacture lighter and stronger composite structures. 
Attempts to produce epoxy based hierarchical composites (HC) with high CNT loadings by 
introducing nanoreinforcement in the resin have been plagued by processing difficulties 
related to viscosity and infiltration. 
Nonetheless, introducing just a few weight percent of CNTs into the matrix of continuous 
carbon fibre composites has been shown to enhance fracture toughness and compression 
performance. As such, this thesis tackles an effective way to combine carbon fibre, 
thermosetting resin and CNTs into hierarchical composites with high loadings of 
nanoreinforcement. To this end, a readily scalable powder based processing route was 
developed to produce epoxy based polymer nanocomposites (PNC) with a maximum CNT 
loading of 18.4 wt% (11.5 vol%). Due to the excellent CNT distribution and dispersion 
achieved during processing, some practically relevant physical and mechanical properties 
were enhanced even at the highest CNT loadings: 67 S/m and 0.77 W/ m·K electrical and 
thermal conductivities, respectively, and 5.5 GPa Young’s modulus. Analytical 
micromechanical models to validate reinforcement due to CNTs were also explored. 
The nanocomposite powder was also employed as a constituent in a wet powder 
impregnation process to produce carbon fibre based HC laminates containing as much as 5.5 
vol% CNTs (11.5 vol% CNTs in the matrix). The processing parameters were optimised to 
yield a laminate with 55% fibre volume fraction, making it suitable for structural 
applications. The through thickness electrical conductivity of the HC containing 5.5 vol% 
CNTs improved by an order of magnitude; however, the largest enhancement in interlaminar 
fracture toughness (20%) was observed at an intermediate loading of 2 vol% CNTs. The 
mechanical underperformance at high CNT loadings was attributed to the heterogeneous 
microstructure observed to different extents in both PNCs and HCs, and a number of 
solutions related to material selection and processing design were proposed. 
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Chapter I Introduction 
1. Advanced polymer composites 
Carbon fibres have been an important structural reinforcement for nearly 40 years because of 
their unmatched stiffness (200-700 GPa) and strength (3.5-7 GPa) while maintaining a low 
density (approximately 1.8 g/cm
3
). [1] When continuous fibres were combined with polymer 
matrices, the resulting composites have led to the next generation of materials for load 
bearing structures to replace lightweight metal alloys. The success of carbon fibre composites 
has stemmed primarily from employing continuous fibres that efficiently support loads to 
fully exploit their superior properties. As a result, in-plane composite performance has 
reached impressive magnitudes with tensile and compression strengths as high as 3.5 GPa 
and 1.8 GPa [2];  on the other hand, typical 7000 series aluminium alloys have tensile 
strengths of 70-750 MPa and compression strengths of 372-530 MPa [3]. Consequently, 
continuous carbon fibre composites have revolutionised the field of structural materials, 
finding their way into a range of structures from tennis rackets to military aircraft wings. 
High performance unidirectional laminated composites do have limitations imposed by the 
choice of matrix as well as their orthotropic nature. Thermosetting resins are the dominant 
matrices for structural applications. Unlike thermoplastics whose physical and mechanical 
properties are defined by polymer crystallinity, thermosets are held together by interchain 
covalent bonds, or crosslinks. Crosslinks are stronger and stiffer than non-covalent interchain 
interactions and therefore produce a stronger and stiffer matrix. [4] However, thermosetting 
composites can absorb as much as 7 wt% moisture or solvents [5] due to their three 
dimensional crosslinked structure, they have poor thermal and electrical conductivities [6], 
thermal resistance [7], and offer no lightning strike protection [8] in comparison with light 
metal alloys, a particular concern in aerospace applications. Furthermore, thermoset based 
composites have poor out-of-plane properties such as transverse tensile strength (~60 MPa) 
[9], interlaminar shear strength (~100 MPa) [9] and fracture toughness (double that of 
Sellotape™ [10]) relative to their in-plane properties. These relatively poor material 
properties translate into limitations in how composite structures are designed and where they 
can be employed in order to avoid exposure to loading conditions that target the material’s 
matrix dominated properties and result in structural failure. 
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2. Motivation and scope of work 
Conventional composite materials have a hierarchy which extends upwards from fibres with a 
few micron diameter to laminates. This range is relatively small when compared to that found 
in natural materials like bone and nacre; their hierarchical structure extends to nanometre 
sized features, suggesting a potential to reinforce continuous fibre composites with 
nanomaterials. Nano-scale reinforcement could provide the means to further improve state-
of-the-art advanced composites by enhancing their matrix or interface dominated properties, 
or to improve the performance of cheaper materials. The resulting hierarchical composite 
(HC) materials could perform better in current composite structures and could also broaden 
the range of composite applications. 
Due to their graphitic structure and high aspect ratios, carbon nanotubes (CNTs) have proven 
to be a very effective reinforcement in a range of matrices, improving both physical and 
mechanical properties. [11] Although CNTs have already found commercial success in the 
aerospace sector due to their EMI shielding capability [12], incorporating them effectively 
into continuous fibre composites to improve structural performance has proven to be a 
challenging task. Nonetheless, characterisation of HC coupons with low CNT contents have 
shown that the introduction of nanoreinforcement can result in the enhancement of composite 
matrix dominated properties. [13] 
This thesis tackles the development of a novel route through which large amounts of CNTs 
can be synergistically combined with carbon fibre and a thermosetting matrix to manufacture 
HCs, and determining whether matrix dominated properties have been enhanced. Existing 
research on processing of HCs containing CNTs and their properties is reviewed in Chapter 
V, focusing in particular on the barriers to introducing high CNT loadings and on the fracture 
toughness enhancements that can be achieved. The methodology developed in this work to 
make HCs with high CNT loading fractions based on a wet powder impregnation process is 
detailed in Chapter VI, along with their characterisation to gauge the effect of CNTs on 
matrix dominated properties. 
Additionally, the polymer nanocomposite (PNC) intermediate consisting of epoxy resin and 
CNTs utilised in this work is interesting in its own right. In conjunction with the work on 
HCs, this thesis also explores an alternate route to process PNCs with high CNT loadings that 
directly integrates into HC manufacturing and as a means of potentially “upgrading” resin 
performance. Furthermore, there is scope to not only characterise the CNT-polymer 
15 
 
interaction for a PNC system that is tailored for integration with carbon fibre, but also to 
determine whether the properties at the composite coupon scale reflect those at the matrix 
scale. Chapter II is a review that considers the potential of a number of processing methods in 
dispersing large quantities of CNTs in polymeric matrices, as well as the some of the physical 
and mechanical properties of the resulting PNCs. The unorthodox processing methods 
employed to produce PNCs in this work are detailed in Chapter III, along with physical 
characterisation to evaluate the processing success and the material’s multifunctional 
potential. A qualitative and quantitative analysis of mechanical properties is presented in 
Chapter IV with the aim of understanding the mechanical interaction between the CNTs and 
polymer matrix. 
3. Publications 
Herceg, TM; et al. (2013). Scalable production of epoxy based nanocomposites and 
hierarchical composites with very high CNT loadings. ICCM 19. Montreal, Canada. 
Bismarck, A; et al. (2013). Multifunctional nano and hierarchical composites with very  
high CNT loadings and processing induced microsctructure. PPS 29. Nurnberg, Germany. 
Herceg, TM; et al. (2013). Multifunctional nano and hierarchical composites with very high 
CNT loadings and processing induced microstructure. Thermosets 2013. Berlin, Germany. 
Herceg, TM; et al. Powder based processing of multifunctional nanocomposites with high 
CNT loadings. In preparation. 
Herceg, TM; et al. Hierarchical composites with high CNT loadings manufactured via a wet 
powder impregnation method. In preparation. 
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Chapter II Nanocomposite literature review 
Interest and research in nano-sized materials have been abundant in the last twenty years, 
highlighted by the recent award of a Nobel Prize in physics for graphene research. CNTs 
have stimulated much interest in their own right as a result of their potentially perfect 
structure, and also as a constituent in PNCs. As with any new class of composite materials, 
the challenges have been to develop processing and production methods, understand the 
interactions between constituents and physical behaviour and measure properties that will 
dictate the composite’s application. In adhering to the aims of this study, the purpose of this 
chapter was to critically analyse the successes and failures of previous work in producing 
PNCs with high CNT loadings.   
1. Carbon nanotubes 
Carbon nanotubes (CNTs) are an allotrope of carbon that have stimulated interest and shown 
great promise as a constituent in composites for structural applications. Evidence of their 
existence and structure using high resolution transmission electron microscopy was presented 
in [14]. CNTs can be classified as single-walled (SWCNTs) and multi-walled (MWCNTs) 
which are similar in surface chemistry, but are different structurally. 
1.1. SWCNTs 
Single wall tubes can be visualised as a single graphitic layer of carbon rolled up in a cylinder 
that can be either open ended or capped (Figure 1). The mechanical properties of SWCNTs 
depend mainly on the quality of the tubes. Failure generally occurs at the site of an 
imperfection, but the strong C-C bonds may allow the tube to deform and stretch. [15] 
SWCNTs were not considered for this study because they are still too expensive (typically 
$100/gram) to be employed in large quantities in large scale composite manufacture. 
Furthermore, SWCNTs are difficult to disperse in matrices due to Van der Waals attractions 
acting over the tubes’ high specific surface areas [16].  
 
Figure 1. Structure of single walled carbon nanotube. 
17 
 
1.2. MWCNTs 
Multi-walled tubes are essentially two or more concentric single-walled shells with random 
chiralities, spaced at 0.34 nm that can also be capped or uncapped. The shells of a multi-
walled tube are held intact by van der Waals forces which have to be overcome in order to 
unravel the structure. Although inferior to SWCNTs in terms of some properties (Table 1), 
MWCNTs are the preferred choice for structural applications because the cheapest and most 
effective CNT production method, carbon vapour deposition (CVD), yields mostly multi-
walled tubes. Henceforth, MWCNTs will simply be referred to as CNTs, unless otherwise 
explicitly stated. In the CVD process, gaseous carbon feedstock is fed along with an inert gas 
and is absorbed by a catalyst particle until saturation, at which point the carbon is excreted as 
a solid in the form of a nanotube. [17] Production of CNTs through CVD is easily scalable, 
has good selectivity and allows for growth on a range of substrates. Growth is dependent on 
parameters such as temperature, catalyst type and size, feedstock and carrier gas, gas flowrate 
and growth time; combinations of parameters will yield tubes with different morphologies. 
[18] 
Table 1. Key properties of single and multiwalled CNTs.
 
 
CNT 
Young’s Modulus Strength 
Thermal 
Conductivity 
Electrical Resistance 
SWCNT 300-1300 GPa [19] 13-52 GPa [19] 
3500 [20] - 6000 
W/mK [21] 
 
3.3 x 103 Ω/µm [22] 
MWCNT 
600-1100 GPa (arc) [23] 
12-50 GPa (CVD) [23] 
11-63 GPa (arc) [24] 
1400 [21] - 3000 
W/mK [25] 
8.6 x 104 Ω/µm [26] 
 
2. Nanocomposite processing methods 
As with all composite materials, the processing is as important as the individual properties of 
the constituents to determining composite properties.  In the case of PNCs, it is both the 
CNT-matrix and CNT-CNT interactions that must be carefully controlled in order to attempt 
to exploit the impressive properties that nanotubes possess. The methods used to process 
PNCs can be tailored to achieve improvements in specific areas, and can even conflict; for 
example, a PNC with highly dispersed CNTs may have outstanding mechanical properties, 
but the CNTs may in fact be too well dispersed for optimal electrical performance. Van der 
Waals forces acting over the large CNT specific surface areas are the cause for the common 
issues in PNC processing: dispersion, distribution and the quality of the interface with the 
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matrix. Furthermore, large scale CNT production methods yield an entangled mass of tubes 
that are mechanically interlocked and even more difficult to separate, or exfoliate. The 
entangled nature of the CNTs also introduces the additional issue of alignment. With regards 
to epoxy based PNC processing when compared to thermoplastic PNC processing, the 
processing window is further contracted due to the added complication of the matrix 
crosslinking. These challenges have been approached in a number of ways. 
2.1. Sonication 
Sonication is the most common method for dispersing MWCNTs in solvents for wet 
chemistry work and has been widely employed in PNC processing because it is highly 
energetic and simple to apply. Because it is a method through which low concentrations of 
MWCNTs can be successfully dispersed in epoxy resins, it can be used to study the effects of 
MWCNT length [27], functionalization [28] and choice of resin [29] on the properties of the 
PNC. It is a processing method which is still being optimized [30], but it has been shown to 
be ineffective when dealing with high CNT loadings due to viscosity effects resulting from 
the formation of a percolating network [31]. 
PNCs have been shown to have good distributions of MWCNTs sonicated in diglycildilether 
of bisphenol-A (DGEBA) epoxy at a low concentration of 0.5 wt% with individual tubes 
observed. When the loading of filler was increased to 3 wt% the tubes formed bundles with 
domains of epoxy around them (Figure 2). Although the authors claimed that the bundling 
was minimal, bundles with diameters on the micron scale can be inclusions that act as stress 
concentrations and initiate fracture. Furthermore, with larger CNT loading and the same 
processing parameters the bundles will become larger and mechanical performance will 
deteriorate further. [32] 
 
Figure 2. SEM image of bundles in 3 wt% CNT in epoxy PNC dispersed by sonication. [32] 
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Another consideration is that ultrasonication works by creating high localised stresses which 
have been shown to damage or shorten nanotubes, [33, 34] both undesirable consequences. 
The effect of CNT length is discussed in Sections 4.2 and 4.3. 
2.2. Functionalisation 
Functionalisation of CNTs is a rich research area because it is a technique which not only 
aids processing by improving dispersion [35], but it also enhances the CNT-resin interface 
through covalent bonding, leading to improvements in mechanical properties [36, 37]. 
Nanotubes can be surface functionalised simply by oxidation [38] or with virtually any 
radical group, monomer or oligomer [39-41] and therefore made compatible with any matrix, 
which is particularly useful in thermoplastic based PNCs [42, 43]. In epoxy based PNCs if 
the CNTs are functionalised, they are usually grafted with either epoxy or amine groups, 
allowing them to covalently bond into the crosslinked structure. Transmission electron 
microscopy (TEM) of a PNC (Figure 3) has revealed that epoxy matrix can completely coat 
functionalised MWCNTs, and covalent bonding between the two causes the CNTs to 
telescopically pull out. An unfunctionalised nanotube was observed pulling out entirely, 
without any telescoping behaviour. [35] 
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Figure 3. TEM images of functionalised MWCNTs in epoxy. (a) Matrix covers the surface of the carbon nanotubes. 
(b and c) Nanotubes bridge micro-cracks and pores in the matrix. (d and e) Telescopic pullouts. [35] 
With regards to processing, unfunctionalised tubes dispersed by sonication were found to 
form agglomerates at 3 wt% which would induce crack initiation and propagation, reducing 
fracture toughness. On the other hand, functionalized tubes were shown to be uniformly 
dispersed. They were also pulled out less than their unfunctionalised counterparts, which was 
evidence of a strong interface between CNTs and matrix. [44] 
Although functionalisation aids in PNC processing and can enhance properties [45], it has not 
been scaled up from the laboratory scale to yield cheap CNTs. Current (2013) prices of amine 
functionalised MWCNTs are on the order of $20,000/kg. [46] 
2.3. Layer-by-layer assembly 
The layer-by-layer (LbL) method consists of mixing separate solutions of CNTs and epoxy 
resin in solvents such as acetone and dimethylformamide (DMF) before pouring the solutions 
into a mould in layers. Evaporating the solvents left thin, intercalated films of resin and 
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CNTs; stacking and pressing many films produced a composite sheet of the desired thickness 
(Figure 4). The CNT loading could be controlled by the amount of resin poured. 
 
Figure 4. Diagram depicting steps of layer-by-layer PNC production. [47] 
This type of method was successfully employed to manufacture thermosetting PNCs 
containing SWCNTs [47] and MWCNTs [48]. In the study involving MWCNTs, a nanotube 
content of 36.05 wt% was measured by thermogravimetric analysis (TGA). High resolution 
SEM images showed that the excellent dispersion of mostly individual tubes initially 
achieved in solution was maintained in the composite (Figure 5) due to the restricted mobility 
of the CNTs [49]. 
 
Figure 5. (a) Low and (b) high magnification SEM image of the surface of MWCNT/epoxy composite film produced 
with a LbL method. (c-f) Cross-sections of nancomposite containing 14.73-36.05% CNTs [48]. 
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Although this method was successful in dispersing high CNT contents in epoxy matrices and 
mechanical and thermomechanical improvements were reported [47], it does possess a 
number of drawbacks which do not make it scalable. Firstly, the mixtures of precursor in 
solvent are made with a sonicator which does not lend well to scalability because only 
relatively small volumes of solutions can be made. Secondly, this method involves the use of 
toxic solvents which can be safely disposed of at lab scale, but their disposal would become 
an expensive complication at larger scales. 
2.4. Resin infiltration and aligned arrays 
The infiltration technique has been successful in producing PNCs with extremely high CNT 
loadings. Infiltration can be done by allowing epoxy resin to infuse into buckypaper or by 
dipping aligned CNT forests (A-CNT) into the resin. With the former approach, CNTs were 
dispersed in water by sonication and removing the water by vacuum filtration produced 
200μm thin CNT films called buckypapers. These CNT films were then immersed into an 
epoxy/acetone solution, left to soak, removed and left to dry. The authors claim good resin 
impregnation at a maximum CNT loading of 31.3 wt%; however, evidence for good 
dispersion only exists at loadings of 8.6 wt% CNT. [50] Furthermore, this method is 
intrinsically flawed as the CNTs are collapsed into a semi-compacted mass before 
impregnation, which is detrimental to their distribution. 
In another method, aligned CNT forests are first grown via CVD on silicon substrates coated 
with iron catalyst particles [51, 52]. The resulting forests are densified to 20 vol% using an 
in-house built apparatus and infiltrated with liquid aerospace-grade epoxy resin by capillary 
action. SEM images of the fracture surfaces (Figure 6) show outstanding CNT alignment with 
some inhomogeneities. [53, 54] 
 
Figure 6. SEM image of fractured PNC with 20 vol% aligned CNTs. [54] 
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Vertical CNT forests can also be drawn into horizontally aligned arrays and infused with 
resin [55]. Both methods yield PNCs with exceptional mechanical properties, but both also 
require highly specialised equipment not common to polymer processing or composite 
manufacturing. 
2.5. Shear mixing 
Melt processing by shear mixing has been a popular processing technique for thermoplastic 
based PNCs because it has proven very successful in dispersing high quantities of CNTs (>25 
wt%) in both amorphous and semi-crystalline polymers. [56] To manage the extreme 
viscosities of PNCs with high CNT loadings, processing machines such as 
microcompounders, mixing moulders and extruders have been employed because they can 
operate at high torques and shear the material through small spaces. Although methods such 
as dispersion disc mixing and magnetic stirring work well for low loadings (0.1-5 wt%) of 
CNTs in epoxy resins [57, 58], they usually require that CNTs are not entangled because the 
localised shear is not sufficient to exfoliate them. As such, they are ineffective for processing 
PNCs using catalytic CNTs produced in large quantities which are heavily entangled. The 
aforementioned high shear mixing processes employed for processing thermoplastic based 
PNCs could be a solution to dispersing high loadings of CNTs in thermosets, but have not 
been adapted to thermosets because of their narrow processing window. 
The most exciting development in dispersing high concentrations of CNTs in epoxy resins 
has been three-roll milling, or calendaring. The nanotubes are de-bundled and dispersed by 
enormous shear forces created by squeezing the material through 5μm gaps between ceramic 
rollers and by the vortices present ahead of the gap. [59] The authors claim that the principal 
advantages of this method are that it can be scaled to produce large batches (> 300g) and that 
the shear forces are homogeneously distributed over the whole volume of the sample, so that 
they do not expect nanotube shortening. A comparison of the same nanotubes dispersed in the 
same resin via ultrasonication concluded that calendaring exfoliates the CNTs from one 
another and allows the resin to penetrate into any agglomerates, while the sonication leaves 
CNTs in condensed structures. However, high shear such as that experienced in a three roll 
mill has been shown to in fact significantly shorten CNTs to ~10 times less than their original 
length. [60] 
This technique has also been shown to be effective for higher CNT loadings. As much as 5 
wt% MWCNT were dispersed in a bisphenol-F resin and SEM micrographs (Figure 7) 
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showed that the quality of the dispersion was improved as the gap between the rollers was 
tightened. [61] 
 
Figure 7. PNC structure at 3-roll mill gap settings of (a) 50 μm, (b) 20 μm, (c) 10 μm and (d) 5 μm. [61] 
With regards to optimising three-roll milling processing parameters, moderate shear 
intensities and number of passes were found to yield the best dispersion for maximising PNC 
electrical conductivity. [62] SEM micrographs (Figure 8) showed that excellent CNT 
dispersion can be achieved up to 8 wt%. 
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Figure 8. SEM micrograph of PNC with 8 wt% CNTs produced by 3-roll milling. [62] 
The inherent limitation to this study is that electrical conductivity is measured, which requires 
that the CNTs form a percolating network. This is not necessary for enhancing mechanical 
performance. It is perhaps preferred that CNTs are individually dispersed in the matrix and 
the authors even note that in trials with high shear rates they observed the CNTs to have been 
too separated for what they were trying to achieve. Thus, a CNT loading larger than 8 wt% 
could be achieved via three-roll milling by increasing shear intensity and the number of 
passes. 
2.6. Summary and outlook 
The current state of the art in production and processing of PNCs does impose limitations on 
performance. The difficulties are primarily related to dispersing and aligning the CNTs while 
increasing their loading and maintaining a strong interface with the matrix. [63] It became 
clear even from early nanotube composite research that the dispersion of CNTs in the matrix 
was the critical factor in determining the mechanical properties of the resulting composite. 
Agglomerated CNTs cause a reduction in mechanical properties because they act as sites of 
stress concentrations and they have been shown to have reduced shear moduli caused by 
imperfections in tube structure and packing. [64] 
Sonication, functionalisation, LbL assembly, resin infiltration and shearing are all techniques 
that have been employed in PNC processing with some degree of success. Nonetheless, they 
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are beset by shortcomings when employed to mix large fractions of CNTs in epoxy resins in a 
scalable fashion: sonication can only cope with low CNT fractions and can damage the 
nanotubes, functionalisation is still very expensive and LbL assembly utilises large quantities 
of organic solvents and is very time consuming. The aligned arrays and 3-roll milling 
methods are perhaps the most promising in that good distributions and dispersions have been 
obtained at high CNT loading fractions and both techniques have good upside for scale-up, 
but both require very specific equipment. 
The shear mixing methods draw particular attention because they are easily scalable using 
existing polymer processing technology. Extrusion is a method worth exploring as it scalable, 
continuous and provides a constrained environment where high shear forces can be 
developed. Although it is almost exclusively employed for thermoplastic processing, perhaps 
adapting it to thermosets could be a solution to the issues crippling the current state-of-the-
art. 
3. Nanocomposite physical properties 
Although this study is concerned primarily with the effects on mechanical properties of 
adding CNTs to epoxy resins, it is important to consider the effect on physical properties, too. 
The primary concern is whether the CNTs disturb the structure of the crosslinked resin, 
which could lead to a detrimental impact on mechanical properties. It is also interesting to 
consider the multifunctional properties of PNCs. Much of the excitement surrounding 
nanotubes focused on how they have the potential to enhance electrical and thermal 
properties whilst also improving mechanical performance.  
3.1. Curing of MWCNT/epoxy composites 
Properties such as stiffness, strength and chemical resistance that make epoxy resins a 
desirable constituent in composites arise from their crosslinked structure. It is, therefore, 
critical to understand if and how CNTs affect the curing reaction of epoxies. Both the effects 
of the nanotubes on the curing kinetics and the overall extent of the reaction have been 
studied by differential scanning calorimetry (DSC). 
Although the epoxy crosslinking reaction is known to already be autocatalytic [65], both 
dynamic (temperature sweep) and, in particular, isothermal curing regimes at different 
temperatures (Table 2) revealed that CNTs further accelerate the rate of reaction. [66-68]  
The acceleration effect was initially attributed to the high thermal conductivity of the CNTs 
and the ability of the resin to open and disperse the nanobundles; however, FTIR 
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measurements revealed that the acceleration effect could be attributed to hydroxyl groups on 
the surface of the nanotubes facilitating the opening of the epoxide rings. [68] 
Table 2. Time of the maximum reaction rate for isothermal cures at different temperatures. [66] 
 
The effect of CNTs on the degree of cure is still unclear with some reports of decreased heat 
of reaction [69-71] and of increased heat of reaction [67]. Using carbon fibres, carbon 
nanofibres or carbon black as fillers in a DGEBF resin has been shown to increase the heat of 
reaction by approximately 13% compared to the epoxy without filler [67], but the effect was 
not explained. Reductions in the heat of reaction by 2% [69] and 5% [70] when adding 
MWCNTs and SWCNTs, respectively, were attributed to the nanotubes’ steric hindrance of 
the crosslinking reaction. It has been suggested that the degree of cure is in fact very sensitive 
to a number of parameters in the PNC. [71] Even for the same resin, different types of DSC 
scans (isothermal vs. dynamic), curing agents (diamine vs. tetramine) and different degrees of 
CNTs loading (20 wt% vs. 1 wt%) can influence whether the heat of reaction of the PNC is 
larger or smaller than that of the control resin. [67, 70] Furthermore, curing of DGEBA resin 
reinforced with carboxylic acid and fluorine functionalised MWCNTs showed that the 
surface chemistry can change the reaction mechanism while the quality of the dispersion can 
strongly affect the reaction stoichiometry and kinetics. [71] These observations suggest that 
both the choice of materials and the processing conditions affect the curing of the PNC, and 
are difficult to disambiguate. 
3.2. Electrical conductivity 
As mentioned in Section 3.1, it is the stiffness, strength and chemical resistance of epoxy 
resins that make them attractive matrices in composites, but their multifunctional properties 
leave much to be desired. Their shortcomings are particularly apparent in aerospace 
applications where electromagnetic shielding is a concern since epoxy resins suffer from low 
(order of  10
-14
 S/m) electrical conductivity that is similar to that of rubber [61]. 
The traditional approach to improving electromagnetic shielding was antistatic paint, which 
raised the manufacturing and repair cost of components. Filling the epoxy resin with carbon 
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black is a more cost effective solution that also enhances the stiffness, but unfortunately 
reduces the strain to failure below values that are acceptable for composite aircraft 
components. [57] Thus, the focus was not only on finding a filler with high electrical 
conductivity, but also one with a lower percolation threshold so as to minimise its loading 
fraction in the composite and the potentially detrimental effect it could have on the 
mechanical performance of the part. CNTs seemed to be the ideal candidate: they have an 
electrical resistivity close to that of metals (10
-8
 Ωm [26]) and PNCs containing CNTs that 
could be produced on a commercial scale have percolation thresholds around 0.1 wt% CNTs, 
requiring a very small amount of filler. 
The problem of identifying the percolation threshold of CNTs in epoxy has received 
considerable attention because of the various factors which could affect it. For very low CNT 
weight fractions (<0.1 wt%), the processing parameters which control the dispersion of the 
filler have been shown to have a strong influence on percolation. By tailoring parameters 
such as stirring speed, stirring temperature and curing temperatures, the CNTs are allowed to 
flocculate due to kinetic processes described by colloid theory in order to form a percolating 
network [72, 73]; kinetically controlled percolation thresholds are beyond the scope of this 
review as they are only applicable to very low loading fractions. 
For CNT loadings above 0.1 wt% statistical percolation theory and statistical scaling law best 
describe the system. In this regime, changing processing parameters cannot lower the 
percolation threshold (ΦC) beyond that determined through the excluded volume concept as a 
function of CNT aspect ratio (η) (Equation ( 1). 
However, poor processing will result in more CNT agglomerations, increasing the 
percolation threshold and indicating that dispersion is not ideal. [74] Following this logic, the 
excluded volume concept can be used to determine whether a good dispersion was achieved 
by comparing the value of the percolation threshold obtained from fitting measured electrical 
conductivity data to the one calculated from the CNT aspect ratio using Equation ( 1. 
Increasing the CNT aspect ratio has been shown to lower the percolation threshold of a 
MWCNT-DGEBA composite. [75] 
The electrical conductivity of CNT PNCs exhibits a rather simple behaviour in the region of 
interest: above CNT loadings of 0.1 wt% adding more nanotubes will simply increase the 
 
   
 
 
 ( 1 ) 
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conductivity for a given matrix and processing conditions. Several factors related to the 
CNTs have been noted to affect conductivity. As expected, using longer CNTs for a given 
weight fraction improves the conductivity [75] due to having more connections in the 
network. Purifying the CNTs by inorganic acid oxidation which removes amorphous carbon 
has been shown to improve the conductivity. However, excessive exposure to the harsh 
treatment damaged the crystalline structure of the CNTs, leading to a decrease in 
conductivity. [76] Lastly, aligning the nanotubes preferentially in one direction has been 
shown to improve electrical conductivity by as much as five orders of magnitude in 
comparison to a random network [77], although Φc will also typically increase.  Thus, care 
must be taken when choosing a processing method and identifying whether there is any 
anisotropy, which would impact not only electrical, but also most other physical and 
mechanical properties. 
The impressive increase in conductivity due to alignment of CNTs reported in [77] was at 
relatively low filler fractions of around 0.2 wt%; however, it is interesting to consider what 
happens when the filler content is higher and the percolated network is denser. When infusing 
an aligned CNT forest with epoxy to produced PNC containing 20 vol% CNTs, the electrical 
conductivity in the alignment axis is 2.5 times higher than that in the perpendicular axis 
(Figure 9). [53] 
 
Figure 9. Electrical conductivity of PNC with aligned (A-PPNC) and random (R-PPNC) CNT fillers.[53] 
The improvement is less dramatic at such high loadings because even highly aligned CNTs 
cannot be perfectly aligned and therefore form connections perpendicular to the alignment 
direction in a densely packed forest. 
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3.3. Thermal conductivity 
Similarly to their electrical conductivity, the thermal conductivity of epoxy resins (order of 
10
-1
 W/m·K and similar to that of cement) is insufficient in applications where they are 
incorporated in composite parts which are exposed to heat. Again, CNTs have theoretical and 
measured thermal conductivities on the order of 2000-6000 W/m·K, on par or even higher 
than diamond, which has the highest known conductivity for a conventional material. 
In a recent review discussing both the thermal conductivity of CNTs and their composites it 
was concluded, with disappointment, that the measured conductivities of the PNCs are 
nowhere near the predicted upper bound characterised by a percolated network (Figure 10). 
[21] This kind of system can be described using Equation ( 2, which describes the parallel 
model where kC is the composite conductivity, kNT is the nanotube conductivity and vf is the 
filler volume fraction. 
 
Figure 10. Overview of literature thermal conductivity data up 2011, as bounded between the series and parallel 
models. [21] 
Instead, most experimental data fits above the line described by the series model (Equation ( 
3). 
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However, the series model assumes that there are no interconnections between particles 
although the CNT fractions used in most studies are above the electrical percolation threshold 
at which the nanotubes have formed a network. 
The factors that could explain the deviation from the parallel model are perhaps interfacial 
resistance, dispersion and alignment. Experimental work [78] suggests a polymer-CNT 
interface resistance of around 8.3 x 10
-8
 m
2 
K/W which places the conductivity of the 
composite at only 2-3 times that of the matrix for CNT diameters in the range of 5-25nm, 
aspect ratios in the range of 1000-2000 and volume fractions up to 1% (Figure 11). This 
could be due to either imperfect physical contact between the constituents or mismatch in 
common vibration frequencies, allowing only low frequency phonon modes in CNTs to be 
effective in thermal conduction. Additionally, modelling work proposed that CNT-CNT heat 
flow is ineffective due to small contact areas and weak Van der Waals forces between CNTs, 
as opposed to heat flow along the graphitic planes of individual CNTs. It is also useful to 
consider that the CNT to epoxy conductivity ratio is on the order of 10
4
 in the case of thermal 
and on the order of 10
17
 in the case of electrical. This difference suggests that most of the 
heat flow could take place in the matrix where the mean free path of phonons is about three 
orders of magnitude smaller than in nanotubes, causing more scattering. [79] Trying to relate 
the thermal conductivity of nanotube composites and dispersion has proven very difficult 
because of how factors such as the choice of processing or functionalisation affect the 
nanotubes themselves. 
   
Figure 11. Enhancement of PNC thermal conductivity, KE, as a function of CNT volume fraction, f, for varying CNT 
diameters (d) and aspect ratios (p). Km and RK is the matrix thermal conductivity and interface resistance, 
respectively. [80] 
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3.4. Summary and outlook 
Epoxy resins have found wide use in carbon fibre composites because of properties resulting 
from their crosslinked structure. The introduction of CNTs into these resins to make PNCs 
has affected physical properties due to the fillers’ high surface area, adsorption and 
interactions on a molecular level between the constituents. These interactions have been 
shown to potentially change the mechanisms and the stoichiometry of the reaction. 
The multifunctional properties of CNT PNCs have been extensively studied and reviewed 
because of the tremendous potential of nanotubes to improve these properties for polymers. 
Generally, CNTs increase the electrical conductivity of epoxy, and can do so with as little as 
a few hundredths of a weight percentage to levels required in electrostatic discharge 
applications. [81] Additionally, for loadings higher than 0.1 wt%, the quality of the 
dispersion can be verified by calculating whether the aspect ratio of the nanotubes and the 
percolation threshold are inversely proportional. The thermal conductivity measured in PNCs 
has unfortunately not reached its full potential due to what seem to be poor paths for heat 
conduction at both CNT-matrix and CNT-CNT contacts. 
The physical properties discussed in this section were thus considered in relation to the 
studied PNC so as to not only determine whether a good dispersion of CNTs was achieved, 
but also to assess its multifunctional potential. While physical characterisation is critical to 
evaluating the quality of PNC materials, their electrical and thermal conductivities point to 
whether they could find use in lightning strike protection and heat diffusion applications. 
4. Nanocomposite mechanical properties 
Motivated by the practical and commercial implications of CNT PNCs, the mechanical 
enhancements that nanotubes can impart on polymer matrices have been one of the most 
scrutinized topics in nanotube research for the past 15 years. The aim of this section is to not 
only present measured mechanical properties of epoxy based PNCs, but also to discuss how 
classical micromechanical models fit the experimental data. The assumptions underlying the 
models which have been chosen and the CNT characteristics which affect agreement between 
results and predictions have been particularly examined. 
The last few years have seen a steep decline in the amount of research done on the 
mechanical properties of CNT PNCs. Producing a homogeneous material has been identified 
as the key problem and there has been saturation in the number of processing techniques 
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which could yield a good quality PNC. As such, Table 3 summarises key properties from 
research aimed at enhancing mechanical properties of epoxy resin with high CNT loadings. 
Table 3. Mechanical properties of CNT-epoxy PNCs. 
Epoxy Matrix MWCNTs Test method Parameter Loading Improvement Ref 
DGEBA CVD Tension Modulus 3 wt% 
27% (22% acid 
treated MW) 
[44] 
  Tension Strength 3 wt% 
11% (25% acid 
treated MW) 
[44] 
  Tension 
Failure 
Strain 
3 wt% 
-33% (-2% acid 
treated MW) 
[44] 
DGEBA 
CCVD 
HNO3 
treated 
Tension Modulus 16.7 wt% 100% [50] 
  Tension Strength 16.7 wt% 61% [50] 
  Tension 
Failure 
Strain 
16.7 wt% -30% [50] 
DGEBA LPCVD Tension Modulus 16.5 wt% 716% [55] 
  Tension Strength 16.5 wt% 160% [55] 
DGEBA N/A Tension Modulus 5 wt% 51.80% [58] 
  Tension Strength 3 wt% 17.50% [58] 
  Tension 
Failure 
Strain 
5 wt% -65% [58] 
DGEBA PVB funct. Flexure Modulus 1 wt% 32.3% [82] 
  Flexure Strength 1 wt% 29.5% [82] 
RTM6 CVD Nanoindentation Modulus ~14.3 wt% ~83.3% [53] 
SU-8 UV cured CVD Nanocompression Modulus 2 vol% 220% [51] 
DGEBA CCVD DMTA flexure Modulus 2 wt% 200% @ 90°C [32] 
Tetrafunctional Arc Flexure Strength 1 wt% 143% [83] 
DGEBA 
Aligned 
CVD 
SENB K1C 0.5 wt% 17% [84] 
DGEBA N/A CT K1C 3 wt% 66% [85] 
DGEBA 
CVD NH2 
funct. 
CT K1C 0.5 wt% 43% [37] 
DGEBF CVD SENB K1C 5 wt% ~27% [61] 
DGEBA CVD CT K1C 0.34 wt% 50% [36] 
Tetrafunctional Arc SENB K1C 1 wt% 208% [83] 
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4.1. Young’s modulus 
Although different studies used different materials and processing parameters, it was noted 
that the modulus roughly increased with increasing CNT content across all publications 
considered in Table 3. This trend was expected and was simply a result of a stiffer component 
(the CNTs) being added to one that is more compliant (the matrix), assuming that the samples 
being tested were of good quality with negligible voids. This assumption was not rigorously 
treated, but the SEM micrographs accompanying the published data suggested that it is one 
that could be made. The largest improvement in Young’s modulus, 716%, was obtained from 
tensile testing of PNCs containing 16.5 wt%. [55] This improvement is by far the most 
significant and can be attributed to the reinforcement being sheets of long, highly aligned, 
highly graphitic CNTs. The largest improvement for a PNC containing randomly dispersed 
CNTs (51.8%) was obtained when adding 5 wt% CNTs by magnetic stirring. [58] 
It was also interesting to consider whether the experimental data obeys analytical models 
such as a simple rule of mixtures (Equation ( 4) or the Halpin-Tsai equations [86] (Equations 
( 5 )-( 8), both of which predict the modulus of a composite based on the moduli of its 
components, volume fractions and aspect ratio.  
where: 
where Ec is the composite modulus, Ef is fibre modulus, Em is the matrix modulus, vf is the 
fibre volume fraction and l and d are the nanotube length and diameter, respectively. The 
general rule of mixtures assumes unidirectional fibres that span the length of the sample. For 
short fibre composites, the fibre modulus must be multiplied by a length efficiency, ηl, and an 
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orientation efficiency factor, ηo, so that the effective modulus is described by Equation ( 9. 
[56] 
The length efficiency factor was described in [87] and shown to be a function of aspect ratio 
and the moduli of the constituents. It has been noted that for an aspect ratio greater than 10, ηl 
approaches 1. [56] The orientation factor has been shown to have values of 3/8 for a 2D 
random orientation and 1/5 for a 3D random orientation. [88]   
The modified rule of mixtures has been shown to fit experimental data quite well at low CNT 
loadings (≤ 0.6 vol%) for thermoplastic based PNC. [89] Not only is an impressive 
reinforcement efficiency of dEc/dvf = 72 GPa achieved, but also an effective CNT modulus of 
191 GPa was calculated, a value which is reasonable [23, 90, 91] for catalytic MWCNTs that 
have been purified. 
For epoxy based PNC systems, the Halpin-Tsai model fits experimental data well for low 
CNT loadings where the modulus increases linearly, but the prediction strongly overshoots 
the data around and after 1 wt% CNTs [59, 92]. The non-linearity in the modulus data is most 
likely due to agglomerated CNTs not carrying load effectively. The model is corrected using 
an exponential shape factor that employs two constants (Figure 12). A good correlation 
between experimental data and model was obtained, but it should be noted that the correction 
factor constants are determined using a least squares regression and fitting, having no 
physical meaning. 
 
Figure 12. Halpin-Tsai fitting of PNC Young's modulus using an exponential shape factor obtained through 
systematic variation. [92] 
             ( 9 ) 
36 
 
The exponential shape factor is not necessary if the CNTs are grown as a forest and 
maintained in that configuration throughout processing. [53] The theoretical value (~100 
GPa) obtained from a simple rule of mixtures is still significantly higher than the measured 
one (8.8 GPa). Since random alignment, agglomeration and voids could not play a role, the 
authors calculate an effective CNT modulus by introducing a correction factor for CNT 
waviness as described in [93]. Thus, the composite modulus calculated from the rule of 
mixtures is 9-10 GPa, which agrees well with 8.8 GPa measured value. With the modulus 
values following a linear trend with CNT loading and a model closely mirroring experimental 
data, the authors conclude that CNT waviness is the principal factor in creating deviations 
from theory. 
An additional consideration is that in all work referenced in the previous paragraphs the 
authors assume the value of Ef to be near 1 TPa. Such a large Young’s modulus value was 
reported for highly crystalline arc-grown CNTs [24], but was in fact erroneously calculated 
using the cross-sectional area of only the outer wall rather than the whole tube. A simple 
recalculation reveals that arc-grown CNTs possess a Young’s modulus of at most 100 GPa, 
confirming that values of 10-50 GPa for defective CVD CNTs as measured in [23], [90] and 
[91] are more appropriate. 
4.2. Strength and failure strain 
As long as good CNT dispersions are achieved, adding the stronger CNTs to the matrix will 
improve the PNC strength; however, a critical factor determining the strength of the 
composite can be the strength of the CNT-matrix interface. As with the Young’s modulus, the 
largest improvement in tensile strength (160%) was noted when impregnating highly aligned 
CNT arrays with epoxy resin. [55] The largest improvement reported for a homogeneous 
PNC was 17.5% when 3 wt% CNTs were shear mixed into the resin. [58] The authors also 
noted that further increasing the CNT loading in the PNC lead to a reduction in tensile 
strength due to the CNTs agglomerating, an observation that underlines the importance of 
adequate processing to ensure good CNT dispersion and distribution. 
Similarly to the modulus, the strength of a composite can be calculated with the rule of 
mixtures or Halpin-Tsai equations. In some studies [92], the authors used the most general 
form of the Halpin-Tsai equations (Equation ( 10) with an additional orientation factor (α), as 
described by Cox, that takes a value of 1/6 for randomly oriented fibres with lengths less than 
the test specimen thickness. 
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The rule of mixtures for the strength of long, continuous and aligned fibres has the same form 
as that for the Young’s modulus (Equation ( 11), where σc is the composite strength, σf is the 
fibre strength, and σm is the matrix strength, all taken at failure. 
However, as with the modulus, when no longer dealing with long, continuous fibres, the 
reinforcement efficiency is also reduced and a strength efficiency factor must be introduced. 
In the case in which the length of the fibres is longer than their critical length (l>lC), the 
strength of the CNTs will dictate the composite strength and Equation ( 12 applies. 
When the length of the fibre is less than the critical length (l < lC), the strength of the 
interface dictates the composite strength and Equation ( 13 ) applies, where τ is the interfacial 
shear strength and d is the fibre diameter. [94] 
From the works referenced in Table 3 that for the most part only present measured values of 
composite strength, only a few fit the experimental data in order to deduce values for either 
the nanotube or interface strength and compare these to values obtained from direct 
measurements or computational modelling. When using Equation ( 10, the fit overshoots 
experimental results for loadings beyond 2 wt% CNTs due to agglomerations at higher 
loadings. [92] Additionally, the Halpin-Tsai equations used assumed that the composite fails 
through fibre fracture although the authors do note that the CNT-matrix interface is weak 
based on fracture surface morphology studied via SEM.  
Equation ( 11 along with Cox and Krenchel parameters was correctly used in [55] because 
CNTs are most likely to fracture given their long lengths. The 1.8 GPa value calculated from 
the strength of CNTs closely matches that measured directly in [95], and in [24] when using 
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the correct CNT cross-sectional area. In a study utilising SWCNTs [47] it has been 
microscopically determined from fracture surfaces that failure was most likely interfacial and, 
therefore, Equation ( 13 can be used to fit experimental data. Values of 0.1-2 MPa for the 
interfacial strength give the closest fit, but are low compared to those measured in [96] and 
[97] through pull-out. The low interfacial shear strength could be due to poor load transfer 
between SWCNT which are almost always found in bundles [64]. The authors accounted for 
CNT bundling by using an effective volume fraction of filler in the rule of mixtures. In the 
cases where the calculation fit the experimental data closely, the effective volume fraction 
was 5 times smaller than the measured volume fraction. Even for SWCNTs which bundle 
more readily than MWCNTs, assuming a 5 times volume reduction is probably excessive. 
The most sophisticated approach, as employed in [60], accounts for the CNT length 
distribution after processing, the pullout length distribution after fracture as well as CNT 
orientation within the composite in the rule of mixtures. The estimated CNT and interface 
strengths of 3.9 GPa and 44 MPa, respectively, agree well with previous measurements [95-
97], reflecting the good dispersion state resulting from processing by three roll milling and 
the carboxylated tubes employed. 
The studies included in Table 3 which report large reductions in PNC failure strains relative 
to the neat resin do no use processing techniques that ensure good CNT distribution and 
dispersion. As evidenced in Figure 13, [58] once CNT agglomerates form at a loading of a 
few weight percent, the material becomes embrittled and the Young’s modulus grows faster 
than the strength. Therefore, the failure strain will decrease as all stress-strain curves from the 
literature discussed thus far suggest that CNT-epoxy composites exhibit nonlinear elastic 
behaviour. 
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Figure 13. Young's modulus and strength of PNC processed by stirring. 
4.3. Toughness 
The motivation to toughen epoxy matrices with nanoparticles has been the trade-offs made 
when employing traditional toughening approaches. Although adding rubbery fillers to epoxy 
matrices enhances fracture toughness, this approach also results in the reduction of stiffness, 
strength and thermomechanical properties. [61] The toughness of CNT reinforced matrices 
has garnered much interest because CNTs are believed to toughen a matrix through the same 
energy absorbing mechanisms as micrometer scale fibres, but how these scale in the nano 
domain is still unclear. 
The toughening mechanisms usually considered for epoxy based short fibre composites are 
crack deflection, crack pinning, void nucleation, interfacial de-bonding, crack tip blunting, 
fibre fracture and fibre pull-out. Crack deflection and pinning act by creating a more tortuous 
path for the crack, requiring more energy to create additional surface area. [98] Void 
nucleation results from inelastic shearing of the matrix as a result of a strong interface and 
large stresses born by the fibres and transferred onto the matrix. Crack tip blunting and 
deflection are also known as the Cook-Gordon mechanism and the energy absorbed during 
these events is strongly dependent on the strength of the interfacial bond between fibre and 
matrix. [99] Whether fibres fracture or pull out is also dictated by the strength of the 
interface; their contributions to absorbed energy during composite fracture are trivial to 
derive as shown by Cooper [100] and Kelly [101].  
By introducing a range of CNT types as well as carbon black into epoxy resin by 3-roll 
milling, a maximum K1c enhancement of 43% was obtained from the PNC reinforced with 
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0.5 wt% NH2 functionalised double wall CNTs (DWCNT-NH2) [37]. The non-functionalised 
CNTs were also up to 30% tougher than the baseline resin, but the carbon black reinforced 
matrix was also equally tough, suggesting that the contribution of CNT pull-out to 
toughening was negligible.  
 
Figure 14. Fracture surface of a) neat epoxy and b) epoxy reinforced with DWCNT-NH2. [37] 
SEM imaging showed much rougher fracture surfaces for the PNCs (Figure 14), which can 
be attributed to crack deflection. [102] It should be noted that this mechanism can be 
associated with the presence of any nanofiller, as both carbon black and CNT reinforced 
PNCs had similar values of K1c. The authors attributed the higher fracture toughness of PNC 
with functionalised CNTs relative to that with unfunctionalised CNTs to preferential 
functionalisation at the CNT ends; in such a case, the CNTs would de-bond from the matrix 
midway along their length while the ends remain attached, causing the CNT to absorb energy 
by straining. No clear evidence of this behaviour is presented, but if the CNTs were to 
fracture after axial straining, mechanistically, the post-fracture relaxation of the CNT 
fragments could be a mechanism that provides significant toughening. From the analytical 
description of this mechanism in Equation ( 14 [103], one can see that using strong CNTs in 
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PNCs can provide significant toughening. What is perhaps most interesting about this model 
is that the work of toughening is directly proportional to CNT diameter, so that larger 
diameter tubes would contribute more toughening that smaller ones. 
The most impressive improvement in epoxy fracture toughness by the addition of CNTs was 
achieved in [83]. A threefold improvement in K1c was obtained by shear mixing 1 wt% arc 
grown CNTs into a tetrafunctional epoxy resin. From SEM imaging of the fracture surfaces 
the authors also ascribe the improvement to an increased surface area, but do not comment on 
the magnitude. Given the high quality and strength of arc grown MWCNTs, the post-fracture 
fibre stress redistribution is a candidate toughening mechanism. 
Analytical approaches for understanding fracture toughness enhancement in CNT PNCs 
remain generally unexplored, although they have been referenced in some studies [28, 36, 
104, 105]. Firstly, one should consider crack pinning as described by Lange’s equation 
(Equation ( 15) [98], where Gm is the fracture energy of the matrix, TL is the line tension 
between particles and S’ is the distance between particles. 
Although S’ is very small for CNT filled systems, TL also decreases with decreasing particle 
size, counterbalancing S’ and making the contribution of crack pinning insignificant. To 
evaluate the contribution of CNT pull-out from brittle matrices (Equation ( 16) [103], one 
should consider how for pull-out toughening scales with fibre diameter. Even if CNTs were 
ten times stronger than advanced carbon fibres, they also have diameters that are 1000 times 
smaller. Realistically, catalytically grown CNTs have strengths similar to those of carbon 
fibre and therefore do not contribute to toughening by pull-out. Any toughening gained from 
fibre debonding from brittle matrices (Equation ( 17) [103] is also negligible for similar 
reasons. 
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It should also be noted that the analytical models considered thus far are relatively simple and 
gain additional complexity when accounting for fibre length and orientation distributions. 
Closed form expressions have been deduced in [106] and [107]. 
The preceding analysis of toughening mechanisms is applicable to short fibre reinforced 
brittle matrices as the fracture toughness increases monotonically with vf [103]. A linear 
increase has even been observed in CNT reinforced ceramics and the calculated work of pull-
out and debonding using Equations ( 16 and ( 17 match surprisingly well the measured CNT 
contribution to PNC fracture toughness. [105] However, these fibre and interface dominated 
mechanisms become insignificant in ductile and intrinsically tough matrices where the work 
of fracture is generally reduced with the addition of filler. This behaviour is attributed to the 
embrittlement of the ductile matrix and replacement of the tough material. [103] However, in 
the general analytical model for fibre debonding in short fibre composites (Equation ( 18 
[105, 108]) the work of debonding is directly proportional to the fracture toughness of the 
interface (GiC) and filler aspect ratio. Thus, debonding of high aspect ratio fillers such as 
CNTs can contribute significant work of fracture if they form tough interfaces with the 
matrix. 
4.4. Summary and outlook 
Generally, the addition of CNTs to epoxy matrices has been shown to enhance mechanical 
properties such as Young’s modulus, tensile strength and fracture toughness. As with 
physical properties, PNCs containing highly aligned CNTs afford the best mechanical 
performance when relatively long CNTs were orientated along the loading axis. As already 
discussed, the current state of the art in processing PNCs with randomly dispersed CNTs is 
limited to loadings of a few weight percent before the CNTs begin to agglomerate and 
adversely impact mechanical performance. Nonetheless, improvements of 51.8% in Young’s 
modulus and 17.5% in tensile strength were obtained by reinforcing an epoxy matrix with 5 
wt% and 3 wt% CNTs, respectively. As such, if PNCs with higher loadings of well dispersed 
CNTs can be manufactured, the Young’s modulus and tensile strength could be further 
enhanced. 
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Expressions based on short fibre theory have been employed to analytically evaluate 
stiffening, strengthening and toughening as functions of nanofiller volume fraction. The rule 
of mixtures and Halpin-Tsai equations were found to overestimate the Young’s modulus for 
high CNT loadings when agglomerations result in reduced reinforcement efficiency. 
However, the rule of mixtures did agree well with the Young’s modulus of PNCs containing 
aligned CNT forests when a correction factor accounting for CNT waviness was introduced. 
Correctly employed micromechanical models to fit composite strength yielded CNT strengths 
of 2-4 GPa that were sensible for CVD grown CNTs. If PNCs with high loadings of well 
dispersed CNTs can be produced, the effective CNT Young’s modulus, strength and CNT-
matrix interface strength should be estimated and compared against realistic expected values. 
The addition of CNTs was also shown to enhance the Mode I fracture toughness of expoy 
resins by ~50% on average and as much as 200%. Mechanistically, the improved fracture 
toughness was attributed mainly to crack deflection, although fibre pull-out, interfacial de-
bonding, fibre stress redistribution and void nucleation were proposed as potentially 
contributing to the toughening. When scaling arguments are considered, only fibre stress 
redistribution and interfacial debonding could quantitatively account for toughening in brittle 
and tough matrices, respectively. 
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Chapter III Nanocomposite processing and 
physical characterisation 
As discussed in the previous chapter, conventional techniques employed to manufacture 
PNCs were either ineffective in distributing and dispersing CNTs once the CNT volume 
fraction was above a few percent. In this chapter, the material choice and processing route are 
first detailed as both are rather unorthodox for producing thermosetting PNCs. More 
importantly, the PNC was physically characterised to determine whether the processing route 
was successful in producing a dense composite with good CNT distribution and dispersion, 
and if the CNTs enhance the resin’s physical properties. 
1. Materials 
The raw materials were chosen so as to promote the development of a PNC processing route 
that could be scalable and that integrates with HC manufacturing. As such, materials that 
were readily available in large quantities and at relatively low cost were selected. 
1.1. Resin system 
The guidelines to choosing the resin system were that the nanoreinforcement should upgrade 
a low performance resin so that it may be suitable for aerospace composites, and that it 
should be a non-water soluble solid that could be suspended in water for the wet powder 
impregnation of carbon fibres to produce HC prepregs. Epoxy resins used in composite 
production are typically liquid, suitable for resin infusion and transfer methods, but the 
powder impregnation technique dictates the unusual choice of a solid epoxy. The chosen 
resin was Epikote 1001, a DGEBA resin produced by Hexion, UK and generously provided 
by Hexcel, UK. 
Table 4. Physical properties of epoxy resin. 
Property Test method Value 
Density at 25˚C ASTM D792 1.19 kg/L 
Tg ASTM D3418 26˚C 
OH group content  SMS 2367 2400 mmol/kg 
Melting range -  50-62˚C 
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The dicyandiamide curing agent (Dyhard 100S) was also generously supplied by Hexcel. It is 
solid at RT with a melting point of 209.5°C and soluble in water. [3] Although non-solubility 
in water would have been preferable, the hardener was present in the PNC powder in low 
weight fractions (4%) and thus expected to be entirely contained inside the resin at the end of 
the mixing process. 
1.2. Carbon nanotubes 
Nanocyl PNC7000 nanotubes were chosen for this work as they are reported to be the 
thinnest and most pure in the class of inexpensive, industrial grade CVD nanotubes available 
in multi-ton amounts. 
Table 5. Manufacturer's datasheet for CNTs. 
Property Unit Value Measurement 
Avg. diameter nm 9.5 TEM 
Avg. length μm 1.5 TEM 
Carbon purity % 90 TGA 
Surface area m
2
/g 250~300 BET 
2. Nanocomposite processing 
As discussed in Section 2.6, processing involving high shear forces bodes well for producing 
good quality, epoxy based PNCs with high CNT loadings. The methods described here were 
chosen to not only surmount the challenges typically faced in producing PNCs with high 
CNT loadings, but to also develop a route that is scalable to high throughput and the resulting 
PNC can be employed directly in the production of HCs. 
2.1. Extrusion 
The DICY was weighed out at 4% by weight of resin as recommended by the manufacturer 
and the CNTs at 2.4, 4.8, 9, 13 and 20% by weight of the composite. The proportion of 
hardener in the matrix was recommended by the supplier. Control samples were prepared 
without any CNTs. PNC or control material batches of 100-500g were first pre-mixed by 
shaking the resin, hardener and CNTs in a sealed beaker. They were then mixed using a co-
rotating twin screw extruder (PRISM TSE 16 TC, Thermo Scientific HAAKE, UK) in two 
passes at speeds of 100-200 RPM and temperature of 70-125°C, depending on CNT content. 
Extrusion is a processing method typically employed in thermoplastic processing and is 
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avoided for thermosets as the operating temperatures and those induced by shear forces could 
cure the material and damage the extruder. Nevertheless, it is a method well suited for 
producing PNCs with high CNT loadings because shearing a CNT/matrix melt has been 
shown to provide sufficient force to disperse agglomerates and perhaps even individually 
distribute the CNTs; it is also a method which is readily scalable to larger extruders. The 
conditions were optimized to not only have a fast process, but also minimise viscous heating 
and a potentially uncontrollable exotherm, particularly at high CNT loadings.  
2.2. Cryomilling 
The choice of cryogenic ball milling (cryomilling) of the extrudate was driven by the need to 
produce a powder suitable for the impregnation of carbon fibres to manufacture HC prepreg. 
The PNC pellets resulting from extrusion were also visibly porous due to air entrainment and 
cryomilling served to break down the porous structure and provide a material that could be 
consolidated into a dense PNC.  
The cryomill (Retsch, UK) operates like a traditional ball mill, but the grinding chamber is 
contained inside a cryogenically cooled jacket to render the sample more brittle and, thus, 
reduce it to a fine powder. The powder particle size and distribution can be controlled by 
varying the number of grinding cycles, the length of a cycle and time between grinding cycles 
when the material is allowed to cool. 
2.3. Compression moulding 
The principle of compression moulding is similar to autoclaving, which is designed to 
remove air by applying vacuum while consolidating with external pressure. This method was 
chosen because it has the potential to remove air from the loosely packed powder, can 
provide sufficient pressure to make the viscous PNC flow, and translates well to 
consolidation of HCs. The moulds consist of cavities that hold the powder and plungers 
which compress it (Figure 15). 
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Figure 15. Mould used for the consolidation of PNC dog bone specimens. 
 
Figure 16. Arrangement for consolidating composites by autoclaving. [109] 
The assembly containing the powder was vacuum bagged in a fashion similar to bagging a 
composite for autoclaving (Figure 16). A vacuum was applied for 30 minutes and then held 
while the mould was heated to 125°C on the platen of hydraulic hot press (Moore Presses, 
UK) to allow the powder to melt while the air was removed. Once the desired temperature is 
reached, 4 tons of force was applied and the mould was heated to 150°C to cure for 1 hour. 
The samples were further post-cured at 150°C overnight. A second set of PNCs samples 
containing 20 wt% CNTs were manufactured in a similar fashion, but after heating to 125°C 
they were held for 30 minutes before applying pressure and curing to allow for melt 
relaxation. The control samples were cured following the same temperature profile, but in a 
vacuum oven and without plungers in order to ensure the low viscosity melt would not boil 
out of the moulds by actively monitor the degassing. 
120 mm 
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3. Methods for nanocomposite physical characterisation 
3.1. Transmission electron microscopy (TEM) 
TEM was utilised to measure CNT diameters in order to verify those quoted by the 
manufacturer. Sample preparation and imaging were done by Dr. Stephen Hodge. Samples 
were prepared by dipping a holey carbon grid into a dimethylformamide (DMF) solution 
containing as-received nanotubes dispersed by bath sonication and imaged with a 2000FX 
TEM (JEOL, Japan) at 200 kV. Image analysis was performed with the ImageJ software. 
3.2. Thermogravimetric analysis (TGA) 
Both nanotubes and PNCs were analysed using a Pyris 1 TGA (PerkinElmer, UK) to 
determine the amount of catalyst contained in the CNTs and the amount of CNTs contained 
in PNC samples. The principle of TGA is to pyrolyse a sample while monitoring its weight 
and the temperature in the furnace. The nanotubes were heated in an air atmosphere at a ramp 
rate of 5°C/min from room temperature to 850°C to measure the catalyst content. PNCs, neat 
epoxy and CNTs were heated to 100°C, purged for 90 minutes under N2, then heated at 
5°C/min to 850°C to calculate the PNC composition. 
3.3. Raman spectroscopy 
The graphitic quality of the nanotubes was determined via Raman spectroscopy using 
LabRAM Infinity (Horiba Jorbin Yvon Ltd., Japan) spectrometer fitted with an external Nd-
YAG 25mW 532 nm laser (Laser Quantum, UK) calibrated against a silicon wafer. 
3.4. Scanning electron microscopy (SEM) 
Nanotubes were expected to be shortened by extrusion and cryomilling, so their lengths were 
measured rather than assumed to be that quoted on the manufacturer’s datasheet. The 
nanotubes measured were obtained from the PNC containing 18.4 wt% CNTs due to it being 
the most viscous, exposed to the strongest shear forces and, therefore, likely to have the 
shortest CNTs. Samples for SEM analysis were prepared by dissolving the resin with acetone 
away from PNC powder, filtering and washing the nanotubes, suspending them in DMF and 
pipetting the suspension onto polished SEM stubs. To evaluate the quality of CNT 
distribution and dispersion PNC samples were attached to SEM stubs using adhesive carbon 
discs for imaging. 
Imaging was performed using a LEO Gemini 1525 FEG SEM (Zeiss, UK) at an electron 
accelerating voltage of 5kV using an in-lens secondary electron detector and working 
distance of 3-5 mm. Most PNC samples were not sufficiently conductive to avoid electron 
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charging when examined and were thus sputter coated with a ~5 nm thick layer of chromium; 
the raw nanotubes and PNC containing 11.5 vol% CNTs did not require a conductive coating. 
CNT lengths were measured with ImageJ software. 
3.5. Particle size analysis 
The particle size distribution of the cryomilled PNC powder is especially critical in the 
manufacturing of HCs. For wet powder impregnation, a size in the 10-20 μm range was 
determined to be optimal. [110] The particle size distribution could also affect the 
microstructure of the PNC, but to what extent is unclear as compression moulding has not 
been explored as a processing route. The extruded and cryomilled PNC powder particle size 
distribution was analysed with a Mastersizer 2000 (Malvern Instruments, UK). The samples 
consisted of 0.3 g of powder and 1 wt% Cremaphor A 25 (BASF, Germany) dispersed in 10 
mL of distilled water by magnetic stirring. The suspension is circulated in the path of a laser 
diffraction system that determines particle size based on angle of diffraction.  
3.6. Density measurement 
The density of the consolidated PNC was measured with a pycnometer to determine whether 
the material contained voids. The principle of operation for the Accupyc 1330 
(Micromeritics, UK) used in this study is based on Boyle’s law using two chambers with 
known volumes, two pressure transducers and helium gas. 
3.7. Differential scanning calorimetry (DSC) 
The curing of the PNC was investigated using a Q2000 DSC (TA Instruments, UK) of the 
powder. DSC is a thermal analysis technique in which the temperatures of the sample of 
interest and a reference sample are varied while the amount of heat flow required to heat or 
cool the samples is monitored. In the case of the PNC, from the heat flow as a function of 
temperature or time one can track the progress of the curing reaction as it is exothermic. 
Dynamic scans were performed at 10°C/min from 100°C to 350°C to observe the onset and 
maximum temperatures during curing as calculated from heat flow vs. temperature curves 
using algorithms built into the Universal Analysis 2000 software (TA Instruments, UK). 
Heats and extents of reaction were calculated from isothermal scans at 150°C for 3 hours by 
integrating heat flow as a function of time. To ensure that samples were fully cured, 
isothermal scans were followed by fast dynamic scans at 20°C/min. Heat flow from both 
dynamic and isothermal scans were normalised to resin content in each PNC. Additionally, 
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heat capacities of PNCs at 25°C required for calculating thermal conductivities were 
measured by dynamic scans from 20 to 30°C of cured PNCs. 
3.8. Optical microscopy 
The morphology of the PNC microstrucure was characterised by bright field and differential 
interference contrast (DIC) optical reflective microscopy (AX10 with AxioVision, Zeiss, UK) 
using fragments from the grips of tensile test specimens that were mounted in epoxy, then 
ground and polished to 1μm with a Motopol 12 rotary polishing machine (Buehler, UK). The 
DIC microscopy method creates an image that appears to be three-dimensional due to the 
recombination of two beams of light that were originally polarised at 90° relative to each 
other and reflected by a sample containing different phases with varying refractive indices. 
3.9. Electrical and thermal conductivity 
Five samples approximately 5mm x 5mm x 3mm cut from consolidated PNC were used to 
measure electrical conductivity. Electrical resistance was measured using a two point probe 
and DM9C ohm meter (Amprobe, UK). Both the probe tips and sample contact surfaces were 
coated with silver paint and from measurements of resistivity for different sample thicknesses 
it was determined that contact resistance was negligible. Electrical resistivity (ρ in Ω·m) and 
conductivity (σ in S/m) were calculated using Equation ( 19 from the resistance (R in Ω) as 
measured with the ohm meter, thickness (l in m) of the sample between the probes and cross-
sectional area of the sample (A in m
2
). 
The thermal conductivity is given by Equation ( 20, where ρ is the density, Cp the heat 
capacity and α the thermal diffusivity of the material, all measured at the same temperature. 
The density was measured by pyncometry, the heat capacity by DSC and the diffusivity using 
a xenon light flash system (LFA 447, Netzsch Instruments, UK). 
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4. Results and discussion 
4.1. CNT properties 
An average diameter of 20±6 nm was measured from TEM images of ten different nanotubes, 
twice that quoted by the manufacturer. Additionally, the structure of the CNT walls did not 
appear to be that of regular, concentrically aligned tubes (Figure 17) suggesting they are of 
poor quality. 
 
Figure 17. TEM micrograph of irregular, defective CNTs. 
TGA confirmed that iron catalyst did indeed make up 10 wt% of the nanotubes (Figure 18) 
while from Raman spectra normalised to the height of the defect (D) band, graphitic (G) to D 
band ratio of 0.86 was calculated. Such a low G/D ratio underscores the poor graphitic 
quality and very defective nature of the nanotubes, characteristics that reduce their much 
touted multifunctional performance. 
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Figure 18. TGA in air of CNTs used to calculate the  wt% of catalyst. 
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Figure 19. Raman spectra of nanotubes with a G/D band ratio of 0.86. 
As for the length of the CNTs in the PNC after extrusion and cryomilling, 116 CNTs were 
measured and an average length of 448 nm was calculated from the distribution (Figure 20). 
An aspect ratio of 21 was calculated from the length and diameter; this value is low compared 
to those usually reported for CNTs (100-1000 [111]), but is expected when considering the 
harsh nature of the processing necessary to achieve high loading fractions [112]. 
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Figure 20. Length distribution of CNTs after processing as measured by SEM. 
4.2. Cryomill particle size distribution 
The PNC was initially milled using two long grinding cycles of 2 minutes with a long re-
cooling period in between of 2 minutes (blue curve in Figure 21). This method proved 
ineffective as it yielded powder with a large average particle size (~60 μm) and broad 
distribution. Systematic variation of the grinding parameters showed that grinding cycles of 
10 seconds and re-cooling periods of 40 seconds between them yielded PNC powder with the 
smallest average diameter (d0.5) of 20 μm (red curve in Figure 21). Powder particles 
experience less frictional heating during shorter grinding cycles and are therefore less likely 
to reach a temperature above their Tg and fuse in aggregates. During the longer re-cooling 
cycles the particles are sufficiently cooled to not heat up and fuse during the ensuing grinding 
cycle. Unfortunately, even with the milling parameters that produced the lowest average 
particle size and narrowest distribution the d0.9 (diameter of particles in the 90
th
 percentile) 
was 80-100 μm.  
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Figure 21. Particle size distribution of cryogenically milled powder with varying milling parameters. 
4.3. CNT content and composite density 
The weight fractions in the legend of Figure 22 designating the samples represent the weight 
of CNTs by weight of PNC when the constituents were mixed, before any processing. It 
should be first noted that pyrolysis in inert atmosphere leaves approximately 10 wt% char 
residue from the neat resin and degrades approximately 1 wt% of the neat CNTs. Thus, the 
weight fractions measured during the pyrolysis of the PNCs need to be normalised relative to 
these values. 
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Figure 22. TGA under nitrogen of PNCs with weight percents as mixed, before any processing. 
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The actual weight percentages of nanotubes in the PNC after processing (wt% CNT) were 
calculated using Equation ( 21 based on the weight fraction of PNC (wt%PNC), weight 
fraction of control (wt%control) and weight fraction of burned nanotubes (wt%burnedCNT), 
all taken from TGA data in the 500-800°C region.  
 
The calculation yielded relatively constant values for all CNT loadings across the whole 
temperature range (Figure 23). The nanotube weight percentages in the PNC calculated from 
TGA (Table 6) show that 0.8-1.6 wt% of the nanotubes were lost either during the processing 
(most likely during feeding into the extruder) or during pyrolysis due to oxidation by gases or 
radicals released by the pyrolysed epoxy. 
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Figure 23. Weight fractions of CNT in PNC calculated from TGA over 500-800°C range. 
The measured weight fractions of CNTs in the PNC were also used to calculate volume 
fractions. This calculation required the densities of the cured epoxy resin and the CNTs 
which were also measured with a pycnometer to be 1.19 g/cm
3
 and 2.07 g/cm
3
, respectively. 
The density of CNTs seems rather high in comparison to 1.75 g/cm
3 
used in other studies 
[113]; however, the industrial grade CNTs utilised contain iron catalyst in a proportion of 10 
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wt%, as measured by TGA (Figure 18). The volume percentages of the CNTs (vol% CNT) in 
the PNC can be calculated using Equation ( 22 ).  
The 18.4% CNT weight fraction in a PNC is the highest achieved in an epoxy resin by 
homogeneous mixing using a scalable process and conventional polymer processing 
equipment. The next highest known value is 8 wt% [62]. 
Table 6. Weight and volume fractions of CNT in PNC. 
 wt% CNT 
mixed 
 wt% CNT after 
processing 
 vol% CNT 
after processing 
0 0 0 
2.4 1.2 0.7 
4.8 3.5 2.1 
9.1 8.3 4.9 
13 12.2 7.4 
20 18.4 11.5 
 
Finally, the densities of the manufactured PNC samples were also measured with a 
pycnometer and compared to values calculated using the rule of mixtures (Equation ( 23) 
from the individual constituent densities and the volume fractions in Table 6. 
The discrepancy between the measured densities and those calculated with the rule of 
mixtures (Figure 24) suggests that voids are trapped in the PNCs during processing, but no 
more than 1% of the sample volume for any CNT loading (Figure 25). 
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Figure 24. Densities of PNCs as measured and as calculated by rule of mixtures. 
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Figure 25. Void content of PNCs. 
These measurements demonstrate that a well consolidated PNC was produced through 
processing means which allow scaling to higher quantities. The low void content, in 
particular, confirms that the specimens produced are suitable for mechanical and 
multifunctional testing. 
4.4. Curing behaviour 
With regards to processing window, according to Figure 26, the exotherm only begins around 
120°C even for the most conductive PNC. This confirms that the PNC could be successfully 
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extruded without crosslinking it, although a small degree of curing may have occurred during 
the processing due to the high shear heating (120-125°C) experienced by the PNC containing 
11.5 vol% CNTs. The onset temperature decreases with increasing nanotube content (Table 
7), suggesting that the CNTs do initially accelerate the rate of curing, as also noted in the 
literature [66-68]. However, the temperature of the exotherm maximum does not vary 
significantly with CNT concentration. As the nanotube loading is increased the rate of 
reaction is initially accelerated, followed by the additional CNTs impinging on the growing 
crosslinked structure and slowing the reaction rate between onset and maximum exotherm. 
 
Figure 26. Typical exotherms from curing of PNCs with dynamic temperature DSC scans. 
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Table 7. Onset and maximum exotherm temperatures from curing of PNCs with dynamic temperature DSC scans. 
 wt% CNT Curing onset (°C) Exotherm max (°C) 
0 173 188 
1.2 168 187 
3.5 167 187 
8.3 162 188 
12.2 163 186 
18.4 156 186 
 
The extent of reaction (Figure 27) was calculated from isothermal curing curves as detailed in 
[66] to gauge the degree of cure for the same temperature profile as that used during 
consolidation. As observed in the dynamic scans, when the CNT loading is increased the 
curing reaction proceeds faster in the early stages, an indication of the accelerating effect due 
to the presence of CNTs. The final extents of cure of all PNCs except that with the highest 
CNT loading are similar to the extent of cure of the neat resin, within the accuracy of the 
instrument, suggesting that the introduction of CNTs does not affect the cross link density. 
The PNC containing 18.4 wt% CNTs appears to have undercured, but this is most likely due 
to the high temperatures experienced during extrusion and, thus, a small degree of 
crosslinking. The curing in the extruder would reduce the total heat evolved during the DSC 
cycle, manifested as a lower extent of reaction. 
 
Figure 27. Extent of reaction calculated from isothermal scans and normalised for corresponding epoxy mass 
fractions. 
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4.5. Distribution, dispersion and microstructure morphology 
When mixed with an epoxy resin using high shear, the type of CNTs used in this work 
typically form agglomerates that are a few microns in diameter and spaced 10-30 μm apart. 
[62] As evident from Figure 28, CNTs were not observed to have concentrated in 
agglomerates and, for the most part, even appeared to be individualised (Figure 29), with 
diameters equal to the average nanotube diameter as measured by TEM. Following on from 
studies in which lower CNT loadings were successfully dispersed in epoxy matrices by shear 
mixing [57] and calendaring [62], extrusion appears to provide enough force to fully exfoliate 
high loadings of entangled CVD grown CNTs and disperse and distribute them in an epoxy 
matrix. 
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Figure 28. Low (left column) and high (right column) magnification SEM micrographs of PNCs. 
 
Figure 29. A single CNT protruding from a tensile fracture surface of an 11.5 vol% PNC sample. 
From Figure 29 one can also note that the resin wets CNTs well, as evidenced by the wetting 
cone surrounding the CNT on the bottom left of the micrograph. Evidence of a good interface 
between the PNC constituents is promising especially with regards to stress transfer. 
Moreover, the CNT pull-out that is also observed in Figure 29 suggests that the interface is 
not excessively strong, which would be manifested as fractured CNTs and composite 
embrittlement. 
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Examining the microstructure of the PNCs consolidated by melting and compaction of 
powder by optical microscopy reveals some interesting features (Figure 30). Firstly, it should 
be noted that black spots in the bright field images were scrutinized at a higher magnification 
(Figure 31) by varying the focal length and identified as pores in the composite or pitting by 
the diamond particles in the polishing solution or water marks. The same defects can also be 
identified in the DIC micrographs and should be ignored along with the evident scratches 
from polishing. 
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Figure 30. Bright field (left column) and DIC (right column) images of PNCs. 
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Figure 31. Pitting resulting from the polishing process and water marks in PNC, as observed with bright field 
microscopy. 
What visibly appears as a more textured surface in the DIC images with increasing CNT 
content suggests a higher incidence of refractive index mismatch, which is consistent with 
increasing nanotube density. Nonetheless, on a local scale (≤ 50μm), the texturing remains 
homogeneous throughout the range of CNT concentrations and confirms that, as observed in 
the SEM analysis, the CNT dispersion does not deteriorate as the loading is increased. 
However, initially observable in the samples containing 4.9 vol% CNTs and becoming 
striking in the samples containing 11.5 vol% CNTs are features which delineate distinctive 
regions within the composite. The scale of these features suggests that they are related to the 
powder particle size. 
Increasing the nanotube loading has been known to dramatically enhance the viscosity of a 
composite [31], with PNCs containing even only moderate CNTs loadings (5 wt%) becoming 
highly viscoelastic [114]. It is believed that instead of causing the powder particles to flow as 
a melt (top two diagrams in Figure 32), applying a compressive force in order to consolidate 
the composite with high CNT loadings forced the resin out of the particles and into the 
interstitial space between particles (bottom two diagrams in Figure 32). The result is 
nanotube rich domains with dimensions on the order of the original powder particles, 
surrounded by resin rich “trenches”, as observed in Figure 33. 
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Figure 32. Diagram for mechanism giving rise to quasi-grain boundary morphology due to relative nanotube density. 
 
Figure 33. Analogous bright field and DIC images of PNC. 
Two approaches have been explored to improve the microstructural homogeneity of the PNC. 
The first entails introducing a melt relaxation step in the consolidation regime to potentially 
allow the powder particles to fuse and flow into the interstitial spaces before applying the 
consolidation pressure, rather than having the resin squeezed out under pressure. From the 
last two DIC micrographs in Figure 30 (magnified in Figure 34) it appears that although resin 
rich interstitial regions are still present, the original powder grains are not clearly defined 
along the whole circumference when the PNC powder is allowed to melt relax during 
50μm 
BF DIC 
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consolidation. As per the outlines superposed on the right image in Figure 34, the resin rich 
“trenches” in the top left and bottom right of the image delineate either what was possibly 
one large particle (white outline) that has fused with smaller nearby particles, or two particles 
(black outlines) that have merged and only portions of their boundaries remain. Nevertheless, 
the modified method allows for some PNC flow and the production of a more homogeneous 
material, which is reflected in its electrical and mechanical properties discussed in later 
sections. 
 
 
Figure 34. DIC micrographs of PNC consolidated without (left) and with (right) melt relaxation. 
The second approach involved sieving the PNC powder containing 11.5 vol% CNTs in 
cryogenic conditions to prevent heating above the Tg of the uncured matrix and, as a result, 
powder particle fusion and aggregation. The PNC powder was partitioned into two fractions 
using the sieve smallest available mesh size (32 μm) and each was consolidated by 
compression moulding with melt relaxation. This method is attractive not only because it 
allows the removal of large particles, but it also narrows the particle size distribution. The 
effect of the particle size distribution on the microstructure of PNC processed through this 
route is clear: smaller particles with a narrower size distribution can be consolidated into 
more homogeneous PNCs. The cryogenic sieving method was not explored further because it 
was extremely time intensive relative to the yield of sieved material. 
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Figure 35. DIC micrographs of PNCs consolidated from powders with different particle sizes. 
4.6. Electrical and thermal conductivity 
Electrical conductivity was measured in three axes, perpendicular (X and Y) and parallel (Z) 
to the consolidation direction (inset of Figure 36), to not only determine the extent to which it 
can be enhanced by increasing the CNT loading, but also how different microstructures affect 
it. An electrical conductivity of 67±5 S/m was measured in both X and Y axes at the highest 
CNT loading of 18.4wt% (11.5 vol%). This value is about three times lower than the highest 
previously reported for an epoxy based PNC with randomly dispersed nanotubes [62]. 
However, processing in that study was optimized by finding the shear rate which produces 
the PNC with maximum electrical conductivity. Their measured conductivities were in fact 
not achieved at the highest shear rate, suggesting a certain degree of nanotube agglomeration 
was desired and allowed, which is not mechanically optimal. 
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Figure 36. Electrical conductivity of PNCs measured in 3 axes. 
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Altering the PNC microstructure by using different consolidation regimes also affects 
electrical conductivity. It is interesting to note from Figure 36 that if one follows the trend for 
the conventional method, the conductivity decreases between the PNCs with the two highest 
CNT loadings. This behaviour is unusual because adding more conductive filler to a 
composite should not, in itself, reduce the electrical conductivity. However, as evident from 
the left image in Figure 34, consolidating the PNC without allowing melt relaxation results in 
the formation of a nonconductive layer surrounding and separating the nanotube rich regions 
that can carry the current. The segregation is not complete, but sufficient to reduce current 
density and lower overall electrical conductivity. On the other hand, melt relaxation before 
consolidation allows the PNC powder particles to fuse and create a more homogeneous 
structure with fewer nonconductive regions (right image in Figure 34). Therefore, the 
conductive regions are interconnected and the electrical conductivity follows the typical 
power law trend. 
Furthermore, due to the increasing viscoelasticity of the PNC powder grains, the force 
applied to consolidate the material cannot displace the nanotubes, but instead aligns them in 
the plane perpendicular to the direction of the applied force. In terms of electrical 
conductivity, this behaviour is first observed in Figure 36 at a CNT loading of 8.3wt% due to 
the lower Z axis conductivity relative to that in the X and Y axes. As the concentration of 
CNTs increased this difference becomes more pronounced, indicating the formation of a 
anisotropic nanotube network in the PNC due to consolidation. This anisotropy is important 
to consider for characterizing both the percolating characteristics of the network and the 
micromechanical behaviour of the PNC. 
The percolation threshold can be calculated by fitting the electrical conductivity values with 
Equation ( 24 ), where σPNC is the PNC conductivity, Φ is the nanotube volume fraction, ΦC 
is the nanotube volume fraction at the percolation threshold and t is the parameter which 
indicates network dimensionality. The conductivities of the specimens containing 11.5 vol% 
CNTs produced via the melt relaxation method were used for data fitting. 
Fitting the conductivity data measured in the X-axis (Figure 37) and Y-axis yielded nearly 
identical results, with ΦC=1.0±0.3 vol% and t=1.4±0.2. The value of t has been shown to 
depend on system dimensionality with t=1.30 for two dimensional networks and t=2 for three 
dimensional systems. [115] The value of t suggests that the conducting network is anisotropic 
             |    |
  ( 24 ) 
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and tending towards a two dimensional random structure, confirming the same observation 
based on conductivities measured in three axes. 
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Figure 37. Fit of X-axis conductivities using Equation ( 24 to calculate the electrical percolation threshold. 
The value of the percolation threshold can be compared to that calculated using the excluded 
volume concept. [116] In the limit where the aspect ratio is high, the percolation threshold 
can be simply calculated from Equation ( 25 ), where c is the total excluded volume of the 
system and η is the aspect ratio. [117] Balberg calculated values for c that best approximate 
different network geometries and for a three dimensional isotropic network c = 0.7. [118] 
Although the PNCs with high CNT loadings produced in this work do not contain isotropic 
CNT networks, the networks cannot be approximated to be 2D-random either because a 
certain degree of out of plane conductivity does exist. Furthermore, close to the percolation 
threshold, the conductivities are equivalent in all three axes, and therefore a value of c = 0.7 
can be used. 
Equation ( 25 ) has been successfully applied to PNCs where the nanotubes percolate 
statistically [74], but due to the low aspect ratio of the CNTs used in this study the excluded 
volume approach was applied more rigorously. The complete expression for calculating the 
    
 
 
 ( 25 ) 
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percolation threshold is given in Equation ( 26 ), where c is the total excluded volume of the 
system, V is the volume of the filler particle and <Ve> is the excluded volume of an 
individual filler particle. [117] 
Using the excluded volume of a hemispherically capped rectangle, as proposed by Balberg 
[116], and measured average nanotube lengths and diameters, a percolation threshold of 1 
vol% can be calculated via this approach. The percolation threshold can be used to evaluate 
the efficiency of the chosen processing technique in dispersing the CNTs. It has been shown 
that in the case of statistical percolation of shear processed PNCs, the percolation threshold 
can only be lowered by increasing the nanotube aspect ratio; however, it can also increase 
due to insufficient mixing or actively driven network formation. [72] The measured electrical 
percolation threshold (1 vol%) is identical to that calculated using the excluded volume 
approach (1 vol%), supporting the interpretation from SEM micrographs of the PNC that the 
nanotubes are well distributed and dispersed. 
The thermal conductivity of the PNCs was measured in the Z-axis, parallel to the 
consolidation direction. The addition of 11.5 vol% CNTs to the resin improved the thermal 
conductivity from 0.29 to 0.77 W/m·K, a 166% improvement (Figure 38) that is the highest 
reported for a MWCNT-epoxy composite. The highest CNT loading fraction of a PNC 
produced by shear mixing for which thermal conductivity was reported was 5wt% and the 
conductivity enhancement was 60%. [61] The substantial improvement observed in this study 
can be attributed simply to the CNTs occupying a higher volume fraction of the material, as 
they are better phonon conductors than the epoxy matrix. [21] It is also worth noting that the 
thermal conductivity of the neat resin used in this work is about three times larger than that of 
some epoxy resins, making the improvement even more impressive. 
From a practical perspective, the PNCs produced in this work could be used in applications 
requiring electrostatic discharge (ESD), electromagnetic interference (EMI) shielding and 
thermal diffusivity capability. Plastics are typically rendered conductive for such applications 
with additives such as carbon black or metal coatings, but there are associated drawbacks. 
Carbon black filler polymers tend to have reduced mechanical properties, particularly failure 
strain, making the material unsuitable for many load bearing applications. [57] Metal coatings 
tend to delaminate and make the material difficult to recycle. [81] 
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Figure 38. Thermal conductivity of PNCs measured in the Z-axis. 
CNT and nanofibres have been identified as promising alternatives due to their high 
conductivities and high aspect ratios. Only PNCs containing CNT loadings in excess of 7 
wt% have been shown to possess a shielding effectiveness (SE) of 20-30 dB, which is 
considered sufficient for 50% of automotive and computer applications [81]. As already 
discussed at length, such high loading are not easily achievable, particularly in epoxy based 
systems, and therefore the powder based route developed in this work could provide a means 
to manufacture epoxy based PNCs suitable for ESD and EMI shielding applications. With 
regards to ESD applications, a percolating electrical network is generally sufficient and most 
PNCs meet that criterion. The maximum conductivity of 67 S/m achieved with the PNC 
containing 11.5 vol% CNTs corresponds to a volume resistivity of 1.5 Ω·cm, which is 
roughly sufficient for 50dB of electromagnetic interference (EMI) shielding. [119] 
Epoxies containing carbon black or metals that are marketed as thermally conductive for heat 
dissipation applications have conductivities ranging from 0.8 to 2.7 W/m·K. [120] Although 
the maximum value measured in this study is below that typically required for heat 
dissipation applications, altering the processing could further improve the thermal 
conductivity of the PNC. Allowing the PNC with the highest CNT loading to melt relax 
during consolidation improved thermal conductivity by 10%, and further modifying the 
processing by consolidating powder with smaller particle sizes could lead to a more 
homogeneous CNT dispersion and higher thermal conductivities. 
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Chapter IV Nanocomposite mechanical 
properties 
The primary aims of the mechanical characterisation of PNCs were to determine whether the 
unusual processing successfully surmounted the issue of CNT agglomerations and whether 
the nanoreinforced matrix had desirable properties for integration in HCs. It was also 
interesting to considering whether experimental data could be compared with 
micromechanical models. 
1. Experimental methods 
1.1. Tensile testing 
The PNC dog bone samples were consolidated in a mould shaped according to ASTM D638 
(Type V) and polished with rotary polishing machine to remove any surface imperfections 
present from the moulding process. Strain gauges (FLK-1-11, TML, Japan) were glued to the 
working region of the dog bones with cyanoacrylate before tensile testing in an Instron 4505 
screw driven machine at a reduced speed of 0.5mm/min due to the brittle nature of the 
material, relative to most polymers. The fracture surfaces were visually inspected to initially 
determine whether any defects or voids were present and then imaged by SEM to observe any 
microscopic inhomogeneities that could explain inconsistent mechanical properties. 
Stress were calculated from the force measured with a load cell and sample cross sectional 
areas measured with callipers. Strain was calculated from the microstrain measured with the 
strain gauges. Young’s modulus was determined from linear fitting of the stress-stain curve 
up to 0.2% strain. Yield strength was taken as the maximum stresses while ultimate strength 
was taken as the failure stress. 
1.2. Fracture testing 
For fracture testing the PNC were moulded into single end notched beam (SENB) according 
to ASTM D5045. The thickness (B), width (W) and crack length (a) are critical parameters 
which must be selected so that plain strain is assured and excessive plasticity is avoided. The 
specimens were milled to a thickness of 4-5mm and cut on a Diadisc 4200 (Mutronic GmbH 
& Co, Germany) table saw to a width to thickness ratio of 2. The crack length was initially 
machined to 0.4W and extended to 0.5W by sawing with a razor blade. The energy of 
fracture, GIC, was calculated using Equation ( 27 ) where U is the area under the load-
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displacement curve and Φ is a function of crack length. The value of U was corrected for 
system compliance. 
1.3. Fracture surface microscopy 
PNC fracture surfaces were observed with SEM to measure CNT pull-out lengths. Specimens 
were tilted at 80° relative to the fracture plane and imaging conditions were the same as those 
outlined in Chapter III3.4. From the micrographs, pull-out lengths were measured with 
ImageJ software. 
2. Results and discussion 
2.1. Young’s modulus 
The values for the Young’s moduli measured from the tensile tests are summarised in Figure 
39. In the majority of previous studies of PNCs with randomly dispersed CNTs, the authors 
observed an improvement in Young’s modulus up to CNT loadings of a few volume percent, 
after which modulus values deteriorated due to nanotube agglomerations resulting from 
ineffective processing. [56] In this work, good nanotube dispersion and distribution were 
maintained through the processing to the consolidated PNC due to the processing route 
developed and short nanotubes used, allowing Young’s modulus to increase monotonically 
with increasing CNT volume fraction (Figure 39). The maximum Young’s modulus value of 
5.3 GPa is significant not only because it is the largest for a CNT-epoxy PNC processed by 
homogeneous mixing, but also because the goal of upgrading the performance of an 
inexpensive resin has been achieved. Most importantly, stress transfer at the fibre-matrix 
interface in an HC is strongly dependent on the mismatch between the stiffness of the matrix 
and the transverse modulus of the carbon fibre (10-15 GPa [121]), so increasing the Young’s 
modulus of the matrix should reduce the magnitude and alter the distribution of stress 
concentrations.
1
 
                                               
1 Personal communication with Larissa Gorbatikh, June 2013. 
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Figure 39. Young's modulus values from tensile measurements of the PNCs. 
As with electrical and thermal conductivities, allowing the PNC containing 11.5vol% CNTs 
to melt relax before curing improved its Young’s modulus. Homogenising the microstructure 
eliminates the softer, resin rich interstitial regions, raising the overall stiffness of the 
composite. More interesting to note is that CNT percolation affects the PNC Young’s 
modulus with the reinforcement efficiency (δE/δvf) visibly decreasing around 2vol%. 
Mechanistically, below the percolation threshold there is little variation in stiffness predicted 
by the rule of mixtures, but above a critical value there is a loss of isotropy due to 
microstructural network formation, resulting in an increase of the effective filler aspect ratio 
and thus a strong, non-linear increase of axial stiffness. [122] Beyond the percolation 
threshold the stiffness once again increases linearly with the addition of the less compliant 
filler. 
With regards to the maximum reinforcement efficiency, adding only 1 wt% or 4 wt% of 
randomly dispersed MWCNTs can double or quadruple the Young’s modulus, respectively 
[123, 124]. Thus one would expect that adding large volumes of CNTs to an epoxy resin 
should enhance the Young’s modulus tremendously. The 82% improvement achieved in this 
study by adding 11.5 vol% CNTs may therefore seem inadequate, but it should be noted that 
the neat resin was stiffer and the CNTs were shorter and of poor quality relative to those used 
in [123, 124]. With these factors in mind, metrics such as reinforcement efficiency must be 
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considered carefully when evaluating PNC performance with regards to both the properties of 
the resin and CNTs, as well as the percolating network behaviour. 
The measured nancomposite Young’s moduli as a function of CNT volume fraction were 
fitted with Halpin-Tsai [86] equations (Equation ( 28 )) for randomly oriented fibres as well 
as rule of mixtures with correction factors for length and orientation (Equation ( 29) as 
proposed by Cox [87] and Krenchel [88], respectively. A nanotube modulus of 62±6 GPa was 
calculated by fitting experimental data with the Halpin-Tsai equations, and 60-124 GPa using 
the rule of mixtures, depending on whether a 2D (ηo=3/8) or 3D (ηo=1/5) random nanotube 
distribution is assumed. These values seem low relative to the idealised ones presented 
through much of the literature, but are expected [23, 90, 91] for catalytically grown, 
defective, industrial grade MWCNTs. 
2.2. Tensile strength 
Unlike the Young’s modulus, the PNC strength does not increase monotonically (Figure 40). 
The neat resin and PNCs with low CNT loading fractions do exhibit plastic deformation 
while higher CNT loadings embrittle the material and cause it to fail elastically (Figure 41). 
Although there is insufficient data below the percolation threshold to conclusively determine 
that nanotube network percolation has an effect on the PNC strength, both yield and failure 
strength seemed to rapidly increase with CNT volume fraction before the electrical 
percolation threshold, followed by a drop near the threshold and then a monotonic increase. 
This trend suggests that percolation of the CNT network could be the cause of the plasticity 
loss. However, unlike Young’s modulus of a composite which is dictated by the nature of its 
constituent, strength is dependent on microstructure and defects. Therefore, the drop in 
strength around the percolation threshold could also be due to the less homogeneous PNC 
microstructure, as described in Chapter III4.5. 
The failure strengths can also be fitted using a rule of mixtures expression; however, whether 
it is the nanotube strength or the interface strength that contributes to the composite strength 
depends on the length of CNTs in the composite and the critical length of the CNTs in this 
specific CNT-epoxy system. The distribution of CNT lengths in the composite before fracture 
(blue plot), the pull-out lengths measured from fracture surfaces (red plot) and a lower bound 
  
  
 
 
 
(
       
      
) 
 
 
(
       
      
)          
          
          
    
          
          
    
 
 
 ( 28 ) 
                      ( 29 ) 
76 
 
estimate of the total nanotube length after fracture (black plot) by doubling the pull-out length 
distribution are all shown in Figure 42. By comparing the shape of the distributions of the 
total CNT length after fracture to that before fracture, it can be deduced that CNTs were not 
longer than their critical length and did not fracture under load. 
 
Figure 40. PNC yield and ultimate strengths from tensile tests. 
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Figure 41. Stress-strain response from tensile testing of PNCs. 
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Figure 42. Nanotube length distributions from SEM measurements. 
Therefore an average value for the interface strength (τ) can be determined by fitting the PNC 
ultimate strength with Equation ( 30. 
Using the average measured CNT diameter (20 nm) and length (488 nm), the average 
interface strength can be calculated to be 14±7 MPa. The interface strength has been shown 
to be strongly dependent on embedded length, but for MWCNTs in epoxy matrices average 
values around 30 MPa have been reported. [96, 97] The values can be said to be in relatively 
close agreement considering the local variation in vf between CNT rich and CNT poor 
regions and, generally, the heterogeneity of the microstructure. 
Furthermore, from the expression developed by Kelly and Tyson [125] (Equation ( 31), τ can 
be used to calculate the fibre strength. 
 
   
     
 
            ( 30 ) 
 
   
   
 
 ( 31 ) 
78 
 
A lower bound for the critical length was deduced to be approximately 1224 nm by averaging 
the ten longest measured CNT lengths after fracture. Using a diameter of 20 nm, a lower 
bound for the CNT strength of 1.5 GPa was calculated. As with the Young’s modulus, this 
value also agrees well with previously reported values of 2-3 GPa for the strength of CVD 
grown CNTs [95]. 
2.3. Toughness 
The PNC fracture toughness follows the same trend as observed in [61], with toughness 
initially rising for small CNT loadings and then falling as the CNT content increases (Figure 
43). The PNC containing 0.7 vol% CNTs was 1400 J/m
2
 or 188% tougher than the neat resin, 
a similar improvement to that achieved in [83] with 1 wt% CNTs, although the arc grown 
tubes used in that work were of higher quality than the catalytic ones CNTs used here. It is 
interesting to note that both resins used in this work and in [83] are intrinsically tough with 
KIC values of 1.2-1.3 of MPa·m
1/2
, twice the typical values for epoxies [36, 59, 61]. The 
largest reported improvement of 43% in a brittle matrix was achieved upon the addition of 
0.5 wt% CNTs [37], suggesting that different toughening mechanisms act in tough matrices 
than in brittle ones. 
Using parameters such as interface strength, CNT modulus and CNT strength deduced in this 
chapter, one can calculate the work of pull-out and debonding in brittle matrices using 
Equations ( 16 and ( 17. The work of pull-out and debonding for vf = 0.007 are 1 J/m
2 
and 
0.06 J/m
2
, respectively, both being orders of magnitude smaller than the toughening observed 
when 0.7 vol% CNTs were added to the resin, further confirming that toughening 
mechanisms which apply to brittle matrices do not apply to tough ones. Calculating the 
general work of debonding using Equation ( 18 yields a value of 330 J/m
2
. This value is about 
three times smaller than the measured contribution of the CNTs, but the fracture toughness of 
the interface needed in Equation ( 18 was approximated to be the fracture toughness of the 
neat resin. This approximation is an underestimation since crack propagation is pure Mode I 
in the neat resin and typically mixed mode at the filler-resin interface, the later requiring 
more work. [108] The agreement between experimental data and the analytical expression 
suggest low volume fractions of high aspect ratio fillers toughen already tough matrices by 
interfacial debonding. 
79 
 
0 2 4 6 8 10 12
400
600
800
1000
1200
1400
1600
G
IC
 (
J
/m
2
)
vol% CNT
 
Figure 43. Mode I fracture toughness of PNC as measured by SENB. 
As discussed in Chapter II4.3, the addition of high volumes of fillers to tough matrices tends 
to cause embrittlement and reduction of fracture toughness. [103] From Figure 43 it appears 
that the sudden decrease in fracture coincides with the percolation of the CNT network. The 
exact cause of the sudden embrittlement can be considered in the context of the Young’s 
modulus analysis: the composite is significantly stiffened when the connected network forms, 
carrying higher loads at lower strains until failure. The sudden stiffening is accompanied by a 
sudden reduction in strain (Figure 44), which in turn inhibits plastic processes such as resin 
fracture and interfacial debonding. Increasing the CNT volume fraction beyond the network 
percolation threshold simply replaces the tough resin with CNTs, further reducing the 
composite toughness. 
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Figure 44. Failure strain from tensile tests.  
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Chapter V Hierarchical composite literature 
review 
Although PNCs have received much attention in the past 20 years, there has been relatively 
very little work done on hierarchical (or “hybrid”) nanotube reinforced continuous carbon 
fibre composites. The lack of research was most likely a result of the additional difficulties in 
processing. This literature review will focus on research done on HCs with epoxy resin, 
carbon nanotube and carbon fibre as constituents, understand the challenges faced with 
manufacturing these composites and the effect of nanotubes on properties at the coupon level. 
1. Composite toughening 
Various methods have been used to toughen these composites, but the ideal solution that 
affords the desired improvement in fracture toughness without drawbacks has yet to emerge. 
Approaches have involved introducing toughening agents into the resin, Z-pinning, stitching, 
3D composite architectures, etc. [126] All methods showed improvements in impact 
tolerance, but there have always been trade-offs usually in the form of reduced in-place 
properties, cost or redesign and requalification of components. Toughening the matrix and 
introduction of Z-pins proved most promising for damage tolerance applications at the 
structural element level. [127] 
In Mode I fracture tests, Z-pinned laminates can carry as much as four times more load than 
non-pinned laminates, resulting in fracture toughness as high as 5 kJ/m
2
 , compared to 
~0.2kJ/m
2
 for non-toughened laminates [128]. Toughening occurs through complex 
mechanisms such as deformation pullout and ploughing of the pins and delocalised loading at 
the crack tip [126]. However, the Z-pins caused damage to the parent fibres and disrupted the 
ply architecture, resulting in reduced in-plane elastic modulus, strength as well as fatigue 
performance. [129] 
Composites containing third-generation thermoplastic toughened matrices attain interlaminar 
fracture toughness around 0.8 kJ/m
2
 [130] due to plastic flow, crack blunting and void 
coalescence [126]. Toughening the matrix also has drawbacks such as reduction in 
compression and fatigue performance, which are associated with the more compliant matrix, 
as well as more susceptibility of processing variables. [126] 
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Introducing nanoreinforcement into the matrix could be the most promising solution as it 
should lead to improvements in matrix dominated properties without affecting the overall 
architecture or performance of the continuous fibre HC. 
2. HC processing 
Qian suggested two routes for producing HCs: adding the CNTs to the matrix or grafting the 
CNTs onto the fibre (Figure 45). [13] This portion of the literature review is concerned 
primarily with looking at the adaptation of conventional CFRP production methods and novel 
methods to produce HCs using nanoreinforced epoxy matrices. 
 
Figure 45. Schematic diagram of two potential routes for manufacturing HCs. [13] 
2.1. Resin transfer and infusion methods 
The most convenient way of making HCs is by conventional composite production methods 
such as resin transfer moulding (RTM) or resin film infusion (RFI). These means of 
fabrication are particularly suitable since all of the PNCs described in Chapter II were based 
on liquid epoxy resins. In RTM, the liquid matrix is pumped into a mould containing laid-up 
fibre, while in vacuum-assisted RTM (VARTM) the matrix is sucked into the mould. [4] 
Both of these methods are commonly employed in industry because they allow great 
flexibility in choosing the shape and size of the part that is to be manufactured. 
However, the addition of CNTs had been known to cause tremendous increases in viscosity 
[84], a phenomenon associated with the low rheological percolation threshold, impeding the 
flow of the matrix and leading to only partial impregnation of the continuous fibres. [131] 
Additionally, agglomeration and the formation of a percolating network had been shown to 
cause filtering in all resin transfer methods, resulting in an inhomogeneous matrix (Figure 
46). [132, 133] The limitations imposed by the impregnation techniques have thus made it 
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impossible to manufacture good quality HCs with CNT loadings higher than 1% by weight of 
the PNC matrix.  
 
Figure 46. Agglomerates in sample containing 0.3% CNTs by weight of matrix. A resin rich region can also be 
observed next to the main reinforcing fibres. [134] 
2.2. Prepregging methods 
A different route involves impregnating the continuous fibres with the CNT loaded matrix 
using prepregging techniques. [135-137] One approach involves pulling fibres through a PNC 
melt and winding them onto a drum to obtain HCs. The maximum amount of 
nanoreinforcement employed thus far has been 1.5% by volume of matrix. Fibre volume 
fractions around 55% can be achieved with evidence of good CNT dispersion in the resin 
(Figure 47). 
 
Figure 47. CNTs in the matrix of a basalt fibre HC. [135] 
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The state of the art in producing HCs through a prepregging route is represented in [136, 138, 
139]. Due to commercial interest, the only specification regarding the impregnation of the 
fibres made by the authors was that a “wet coater” was used. Nonetheless, the manufactured 
laminates had a fibre volume fraction of 65% and excellent dispersions of CNTs when 
introducing 5% nanotubes by weight of matrix (Figure 48). 
 
Figure 48. HC with good dispersion of 5 wt% cup-stacked CNTs (white dots) in the matrix surrounding carbon 
fibres. [136] 
 
Figure 49. HCs containing 10 wt% CSCNT with a) agglomerations and b) voids. 
HCs containing 10 wt% CNTs in the matrix were also produced by the same method, 
although unsuccessfully. [140] The laminates were inhomogeneous, containing both 
nanotube agglomerates and voids (Figure 49) that most likely resulted from the 
nanoreinforced matrix resisting flow during consolidation. 
a) b) 
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2.3. Nanoreinforcement restricted to the interlaminar region 
Yet another approach explored has involved introducing the nanoreinforcement in the 
interlaminar zone only. The CNTs were either dispersed in a solvent and sprayed onto fibre 
mats [141, 142], applied to prepregs with rollers [143] or mixed with epoxy and used as a 
glue to bond plies together. [144] With these relatively simple methods, the loading of CNTs 
in the interlayer has only been reported as high as 1%. 
More complex approaches have involved growing aligned CNT forests onto a substrate 
followed by sandwiching them between tacky prepregs. After autoclaving, a nanotube rich 
epoxy interlayer was formed. [145] The same research group expanded on this idea by 
growing CNTs onto a cloth of fibres and only using this cloth for the middle two plies in a 
laminate. [146] Locally, the CNT reinforced matrix was reported to contain approximately 1 
vol% CNTs, although previous work by the same authors (discussed in Chapter II, Section 
2.4) showed that they had achieved CNT loadings of 20 vol% in epoxy resin. 
Although the application and dispersion of CNTs can be carefully controlled, leading to CNT 
rich interfaces (Figure 50), the CNT weight fractions in the laminate were very small, on the 
order of a few hundredths of a percent. Although this type of processing was clearly focused 
on improving the interlaminar toughness, introducing nanoreinforcement homogeneously 
throughout the whole laminate could perhaps improve in-plane properties as well, particularly 
compression and shear. Furthermore, this treatment would be required between each set of 
plies to improve through thickness electrical conductivity, making laminate manufacture very 
time intensive and costly. 
 
Figure 50. CNT reinforced matrix in interply region of a SBS sample. [142] 
85 
 
3. HC mechanical properties 
At the coupon level, composite fracture and constituent properties were of primary interest. 
As discussed in the first section of this chapter, attempts to improve fracture toughness by 
adding thermoplastics or Z-pins had typically resulted in poorer constituent properties when 
compared to the non-toughened material. This section will therefore not only consider the 
success of  previous work in toughening conventional composites with carbon nanotubes and 
nanofibres, but also the limited research on compression properties of HCs. Compression 
stiffness and strength were of interest as they are critical material properties when 
considering composite structures on aircraft because they determine buckling performance 
and structural compression strength, respectively. 
3.1. Fracture toughness of HCs 
It has emerged that the addition of nanotubes and nanofibres led to improved Mode I and 
Mode II fracture toughness of composites (Table 8); understanding the mechanisms which 
explain this behaviour is perhaps the more interesting question. Nevertheless, it is worth 
noting that in the last four studies referenced in Table 8, the authors only introduced nano-
reinforcement in the interlaminar resin rich region, giving rise to a thick resin layer between 
the plies (Figure 51). The toughness enhancement reported for such samples must be 
considered carefully in light of previous work showing that the presence of a 200 μm resin 
rich layer in the crack path enhanced the Mode I fracture toughness by almost 100%. [147] 
 
Figure 51. Thick resin layer in the interplay region resulting from the localised application of nanofibres. [143] 
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Table 8. Fracture toughness improvements of continuous fibre composites with nanoreinforced epoxy matrices. 
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For carbon and glass fibre composites, cracks predominantly advance either along the fibre-
matrix interface or by cleaving the matrix. [153] The mechanisms discussed in Chapter II4.3 
that improved the fracture toughness of the bulk PNC such as pullout, de-sheathing, bridging 
and fibre fracture also apply to crack growth through the matrix. In most investigations of HC 
fracture toughness referenced in Table 8, extensive crack deflection that dramatically 
increased the surface area in the crack plane was observed from microscopy of the fractured 
surfaces (Figure 52, Figure 53 and Figure 54). 
 
Figure 52. Mode I fracture surfaces of HCs containing a) 0 wt% CNTs and b) 5 wt% CNTs in bulk matrix. [139] 
 
Figure 53. Mode II fracture surfaces of HCs containing a) 0 wt% CNTs and b) 5 wt% CNTs in bulk matrix. [139] 
The crack deflection mechanism occurred regardless of processing route or fracture mode 
and, generally, increases fracture toughness because in addition to the energy required to 
drive the crack through the length of the material, more energy is required to create additional 
surface area. [154] The deflection can be so extensive that the crack is deviated from the 
interface to propagating almost entirely through the bulk matrix (Figure 54); this 
phenomenon can be advantageous for composite toughening depending on the relative 
fracture toughnesses of the matrix and fibre-matrix interface. When vertically aligned CNT 
forests were introduced in the resin rich layer, CNT bridging near the crack tip was also 
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observed (Figure 55) in addition to crack deflection. [145] As discussed in Chapter II4.3, the 
contribution of fibre pull-out to energy absorption is insignificant, but if the CNTs strain and 
fracture, they could provide significant toughening. 
 
Figure 54. Crack branching at fracture surface in Mode II tested laminates with CNT reinforced interplay region. 
[143] 
 
 
Figure 55. SEM image of CNT bridging at the crack tip. [145] 
Mechanisms such as fibre bridging and crack branching that involve the continuous fibres 
and the plies should also be considered. Fibre bridging is a common artefact of Mode I 
fracture toughness testing from fibres nesting into adjacent plies due to the unidirectional 0° 
layup. This mechanism can severely increase the apparent fracture toughness of a material 
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due to fibres carrying load directly across the fracture plane, but it does not allow for an 
accurate measure of the true material fracture toughness. Reduction in fibre bridging with the 
addition of CNTs in the interply region was observed in at least a couple of studies [145, 
148]. This could have been a result of either the matrix being stiffened through the addition 
of CNTs and thus not allowing fibres to nest during consolidation, or due to the strong 
adhesion between the continuous fibres and the nanoreinforced resin reducing the number of 
fibres de-bonding from the matrix and bridging across the fracture plane. [151] 
In addition to fibre bridging, interlaminar cracking (Figure 56), a precursor for crack 
branching, was also observed [151]. Furthermore, CNT agglomerates, microvoids and 
mircrocracks in the matrix component of their HCs due to unsuitable processing, could form 
a path of least resistance for the crack, and, if present in ply interfaces adjacent to the fracture 
plane, could lead to interlaminar cracking and subsequent crack branching. [133] As with 
fibre bridging, this mechanism can enhance the apparent toughness, making the test result 
unrepresentative of the true material fracture toughness. These observations suggest that the 
processing and production should perhaps be carefully controlled to ensure homogeneity in 
the matrix and the absence of defects to allow for the measurement of the true material 
fracture toughness. Unfortunately, it has proven extremely difficult to model the HC system 
because of the complex interactions between all the constituents. 
 
Figure 56. Fibre bridging (white arrow) and interlaminar cracking (black arrow) in specimen tested in Mode I. [151] 
3.2. Compression 
Traditionally, composite compression mechanics fit in frameworks of either the Rosen or 
Argon models [153], but have been recently clarified experimentally [155]. The matrix 
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contributes to failure by microcracking due to shear while the fibres exhibit both shear-driven 
compressive failure and kinkband formation due to bending failure. As such, nanoreinforced 
matrices should enhance compression performance of HCs because they are both stiffer (see 
0) and have higher shear strengths [156] than un-reinforced epoxies. It should be noted that 
compression stiffness enhancement is not expected to be great due to carbon fibre stiffness 
being two orders of magnitude greater than that even that of PNCs with high CNT loading 
fractions. 
Table 9. Compressive properties of HCs. 
Fibre Nanofiller 
Loading 
in matrix 
Max improvement 
Ref. 
Stiffness Strength 
UD CF MWCNT 0.5 wt% 3% -7.6% [157] 
CF weave MWCNT 0.5 wt% 0% 39% [158] 
CF weave CSCNT 10 wt% 6.7% 14% [140] 
UD CF CSCNT 10 wt% 5% 10% [136] 
CF weave CNF 1 wt% n/a 12.7% [159] 
 
Reduced compression strength when adding CNTs to CFRPs was only reported when 
processing was inadequate. [157] Lower HC compression strength relative to the control 
composite coincided with a reduction in tensile strength, an indication of poor stress transfer 
between fibres and matrix most likely due to poor CNT dispersion in the epoxy resin. 
Even if an HC does not contain sufficient CNTs to enhance compression modulus, a 
significant (39% [158]) improvement in compression strength can be achieved. The authors 
who conducted the study attributed the improvement to the increased load carrying capacity 
in the interfibre space due to the presence of CNTs. Moreover, the quality of the nanomaterial 
dispersion has been shown to be instrumental to attaining an improvement in compression 
strength. For low CNT loadings, employing block copolymers [158] or functionalising CNTs 
[159] can be sufficient to control the quality of CNT dispersions and achieve improved HC 
compression strength.  
As higher CNT volume fractions are introduced into HCs, the optimal CNT volume fraction 
at which compression strength is maximised is not the maximum CNT volume fraction if the 
manufacturing route is not suitable for dispersing high CNT loadings and agglomerates form. 
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[158] The compression strength improvements of HCs containing 10% CNTs by weight of 
matrix, the highest reported loadings [136, 140], were modest; the authors identified not only 
agglomerations and adjacent areas of non-homogeneous CNT distributions (Figure 57) even 
in the best cases, but also voids, all of which were attributed to the difficulty of the 
processing. 
 
Figure 57. Non-homogeneous CSCNT dispersion in HCs. [140] 
At the laminate scale, fractographic evidence revealed a mechanistic change in fracture upon 
the introduction of carbon nanofibres. [159] In the baseline laminate (Figure 58), fracture 
initiated via delamination near the mid ply (highlighted areas in Figure 58a) most likely due 
to splitting in the plies perpendicular to the loading direction, ultimately inducing 
translaminar fracture and failure. The ply splitting is a direct result of matrix microcracking at 
the fibre-matrix interface. The nanoreinforced laminate failed more akin to a unidirectional 
composite (Figure 58). Failure seems to have initiated via in or out-of-plane kink band 
formation, followed by post-failure delamination. This mechanistic change suggests that the 
addition of CNTs functions primarily by enhancing the matrix shear strength, which in turn 
inhibits microcracking and delamination, improving HC compression strength. 
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Figure 58. Different failure modes of a) conventional and b) HC woven composites under uniaxial compressive 
loading. [159] 
4. Summary and outlook 
A number of methods based on both conventional composite processing technologies and 
novel techniques have been utilised to produce good quality HCs, but with relatively low 
CNTs loadings. The conventional resin transfer methods were hampered by the high 
viscosities of the PNC so that only materials with 1% CNTs by weight of matrix could be 
processed. Similarly, drum winding was only completely successful for low loadings of 5 
wt%, probably also due to viscosity of the fibre impregnation bath. Processing techniques in 
which only one ply interface is nanoreinforced are expensive, have no effect on the 
intralaminar region and potentially misrepresent the material fracture toughness. 
Although HCs manufactured to date contain only modest CNTs loadings, enhancement of 
both fracture toughness and compression strength have been achieved. The fracture toughness 
improvements were significant with a maximum of 100% in Mode I and 83% in Mode II 
when nanotubes were added to the matrix throughout the entire laminate. Fractographic 
examinations revealed that crack deflection is the mechanism that would contribute most to 
enhanced fracture toughness. Nanoreinforcement of the resin also enhanced the compression 
strength of HCs; the processing conditions and, therefore, matrix homogeneity were 
particularly significant towards obtaining positive results from this test. Fractographically, the 
nanoreinforcement seemed to have reduced matrix microcracking and, thus, delamination. 
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Progress in this area may require looking back at wet impregnation by powder slurry 
processes. This technique was first proposed in 1995 as an effective method for making 
thermoplastic based continuous fibre composites [160, 161]; it is versatile as the continuous 
fibre volume fractions can be controlled by the concentration of powder in the impregnation 
bath or the speed and tension used for pulling the fibres. More recently, it has seen a 
resurgence as it is thought capable of accommodating any matrix as long as it is in powdered 
form. [110] 
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Chapter VI Hierarchical composite processing 
and characterisation 
Given the lack of success of current state-of-the-art processes in producing HCs with high 
CNT loadings, a powder impregnation route was explored. This technique is based on 
conventional prepregging and affords a degree of flexibility so that it could be scaled to not 
only produce coupons for testing, but also prepreg which can be used to make structural 
elements. The resulting prepregs were consolidated into laminates that were characterised to 
gauge the success of reinforcement with high CNT loadings.  
1. Materials 
As with a conventional prepregging processes, the required materials were polymeric matrix 
and carbon fibre. The neat resin and PNCs containing 4.9 and 11.5 vol% CNTs were used in 
their powdered form. Hexcel AS4C-GP 12k tows was chosen as the carbon fibre, an epoxy 
sized variant of the AS4 fibres that are popular in the composite industry for structural 
applications. The epoxy sizing not only makes the fibres more compatible with the epoxy 
based matrix, but also makes for easier handling and less fibre damage as they pass through 
the impregnation line. 
Table 10. Key properties of AS4C fibre. [162] 
Property Unit Value 
Tensile strength GPa 4.4 
Tensile modulus GPa 231 
Failure strain % 1.8% 
Density g/cm
3
 1.78 
Linear density g/m 0.8 
Fibre diameter μm 6.9 
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2. Hierarchical composite production 
The prepregging method explored in this work is based on a wet powder impregnation route 
most recently employed in [110] and designed to surmount issues such as insufficient 
impregnation, fibre damage or lack of potential for scalability encountered with other 
methods such as film stacking, melt pultrusion and dry impregnation. 
2.1. Drum winding equipment 
The prepregger has four components that serve to feed the carbon fibre, control tension, 
impregnate the fibre and wind the prepreg (Figure 59). The first two units form a closed 
circuit tension control system (Izumi International, Greenville, SC, USA) that provides fibre 
from a creel with a maximum tension of 10N. With sufficient spreading, up to four of these 
units can be run concurrently to provide a wider tow if desired. The third unit is a custom 
designed and fabricated impregnation bath. It can hold up to 500 mL of slurry and is fitted 
with two PTFE rollers where the fibres enter and exit, and three steel pins inside the bath, all 
designed to spread the fibre tow. The solid component of the slurry was prevented from 
settling by a magnetic stirrer at the bottom of the vessel spun at 500 rpm by a magnetic 
stirring plate below the vessel. 
 
Figure 59. Schematic of the wet powder impregnation drum winding line used to produce prepreg. 
The first modification from the existing powder impregnation line was the addition of a 
cooling jacket around the impregnation bath that prevents the suspended particles from 
fusing. This alteration was required when impregnating fibres with an epoxy powder because 
even the solid epoxy resin employed in this work had an uncured glass transition temperature 
(Tg) of around 25°C. Along with winding speed, the size of the tow and the powder 
concentration, the powder particle size distribution was also a critical factor that determined 
the degree of impregnation, which ultimately dictated the fibre volume fraction in the 
laminate.  
Steel pins 
PTFE rollers 
Drum winding 
Powder suspension 
Carbon fibre creel 
Tension control 
Stirring plate 
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The second modification was employing a take up unit akin to those utilised in conventional 
prepreg drum winding. The drum winder has two axis controls of winding speed and degree 
of overlap, and a drum diameter of 360mm that could be increased to 450 mm in the current 
configuration. In principle, the winding machine could be further modified to accommodate 
larger drums. This modification was implemented to allow for the production of a prepreg 
whose width is larger than that of an individual fibre tow. 
2.2. Drum winding parameters 
To make the impregnation slurry, first Triton X-100 surfactant (Sigma Aldrich, UK) was 
mixed in deionized water using a magnetic stirrer. Once completely dissolved, the PNC 
powder was added slowly to the water and surfactant solution while stirring. The slurry in the 
impregnation bath at the beginning of the drum winding process (henceforth referred to as 
“starter bath”) had a volume of 350 mL and contained 10% by weight PNC powder and 5% 
surfactant by weight of powder. In parallel, another slurry was prepared that was used to 
replenish the impregnation bath (“top-up bath”), containing 15% by weight PNC powder and 
5% surfactant by weight of powder. The total volume of the top-up bath varied depending on 
the amount of prepreg desired. The proportions of the slurry components were initially taken 
as those used in [110], but required adjustment to produce prepregs with ~55% fibre volume 
fraction (vf) consistently. 
The carbon fibre was pulled through the impregnation bath with a tension of 10 N and speed 
of 6-7 rpm. Unfortunately, due to limited control of the transverse axis motion, the degree of 
tow overlap could vary from nearly complete to nearly non-existent. The drum winder was 
run for 30-35 revolutions before the tow leading onto the drum was cut, the prepreg was 
removed by cutting it across the length of the drum and it was unrolled from the drum onto a 
sheet of PTFE film to dry. 
2.3. Ply preparation and laying up 
Drum wound 150mm x 360mm HC prepregs were left to dry at ambient temperature 
overnight, then further dried for 8 hours in a vacuum oven (Fistreem International, UK) at 
ambient temperature under 1000 mbar of vacuum. The edges of each dry ply were trimmed 
with a scalpel to remove the regions of overlapped tows. An approximate volume fraction of 
each ply was calculated using Equation ( 32 where Mtot is the weight of the ply, Mf is the 
weight of the fibres in the ply and ρf and ρm are the fibre and matrix densities, respectively. 
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The weight of fibres in a ply was calculated from the linear density of the fibre and the 
number of revolutions, as measured with the odometer attached to the drum winder. 
Removing the prepreg from the relatively small diameter winding drum induced out of plane 
waviness, which was alleviated by hot pressing (Moore Presses, UK) each ply at 100°C and 1 
ton of pressure. Laminates were 18 ply stacks with those prepregs closest to 55% vf in the 
middle and those with lower vf at the extremities to allow for some matrix bleed. The number 
of plies was selected in order to obtain a laminate approximately 3 mm thick. The middle 
plies were offset +3°/-3° to prevent fibre nesting and separated by 25 μm thick PTFE film 
(Aerovac Umeco, UK) inserted 60 mm into the laminate to form a starter crack for the 
fracture toughness measurements. Plies were debulked for 10-15 minutes in a vacuum table 
(Vacform Composites, UK) first in pairs of adjacent plies, then adjacent pairs, and so on with 
the whole laminate being debulked last. 
2.4. Compression moulding 
The laminate was framed with 3mm thick steel strips to ensure consistent laminate thickness, 
vacuum bagged to a metal plate and cured in a hot press. The curing cycle (Figure 60) is the 
same as that for the PNCs and allows for melt relaxation before reaching the curing 
temperature. 
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Figure 60. Curing cycle for HC with temperature, pressure and vacuum regimes. 
From the cured laminates, specimens necessary for all characterisation techniques were cut 
with a diamond blade mounted on a Diadisc 4200 (Mutronic GmbH & Co, Germany) table 
saw. The water jet fitted to the saw was utilised to minimize the amount of CNTs released. 
3. Experimental methods  
3.1. Optical microscopy 
Transverse and parallel sections of the laminates were embedded in an Epoxicure resin and 
cured at room temperature for 24 hours. The mounted sections were first ground on a 
Motopol 12 polishing machine at 150 rpm, 20 N of pressure per sample and for 2-3 minutes 
using each of P320, P800 and P2500 grit sandpapers. Polishing was done in a similar fashion 
for 4-6 minutes using microfiber cloths and diamond suspensions of 6, 3 and 1 μm. All 
polishing equipment was purchased from Buehler, UK. The distribution of matrix and fibre in 
the HC as well as the presence of voids were investigated using a BX41M optical microscope 
(Olympus, UK) in bright field illumination mode. 
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3.2. Acid digestion 
The fibre as well as void volume fractions were determined according to ASTM D3171. The 
densities of three sections approximately 60mm x 20mm from each laminate were first 
measured using an Accupyc 330 pyncometer (Micromeritics, UK). The laminate sections 
were then individually placed in conical flasks containing 20mL of sulphuric acid. The flask 
was heated to ~150 °C and once no appreciable change in colour was perceived, 50% 
hydrogen peroxide solution was added drop wise until all the fibres floated to the top and the 
solution became clear. After allowing the mixture to cool, it was diluted with deionised water 
and filtered onto a pre-weighed filter paper. The filter paper with the fibres was weighed 
again to determine the weight of the fibres. The fibre volume fraction is calculated using 
Equation ( 33 where Mf is the mass of fibres after digestion, Mtotal is the mass of the specimen 
before digestion, ρtotal is the density of the specimen as measured with the pycnometer and ρf 
is the density of the fibres. 
The matrix volume fraction is calculated using Equation ( 34 where ρm is the density of the 
matrix. 
Finally, the void volume fraction can be simply calculated using Equation ( 35. 
3.3. Electrical conductivity 
Six samples approximately 10mm x 10mm x 3mm were cut from each laminate. The 
electrical resistance measurement was conducted in the same fashion as with the PNCs 
samples. Equation ( 19 was also used to calculate the electrical resistivity and conductivity. 
3.4. Fracture toughness testing 
The Mode I interlaminar fracture toughness of the laminates was measured and calculated 
according to ASTM D5528. At least five 180 mm long and 20 mm wide specimens were cut 
from each laminate panel before aluminium loading blocks were bonded to the pre-cracked 
ends with Araldite 2010 epoxy. The test was performed in the double cantilever beam (DCB) 
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configuration using a screw driven Instron 4505 testing machine (Instron Corporation, UK) 
which recorded load and displacement. Each specimen was pre-loaded at 5mm/min to initiate 
the crack, unloaded at 5mm/min to the initial displacement and re-loaded at 1mm/min to 
propagate the crack. Crack length was monitored with a camera and traveling stage device 
built in-house. Mode I fracture toughness was calculated using Equation ( 36, which is 
derived from corrected beam theory (CBT) where P is the load, δ is the displacement, b is the 
specimen width, a is the crack length and Δ is the correction for beam rotation at the crack tip 
determined from the x intercept of the C
1/3
 against crack length plot. 
3.5. Electron microscopy 
Fracture surface morphology as well as CNT distribution and dispersion in the matrix were 
investigated with an LEO Gemini 1525 FEG SEM (Zeiss, UK). Sections of the fractured 
DCB specimens containing the fracture surfaces were mounted on aluminium stubs using 
conductive carbon tape and sputter coated with a 5 nm thick chromium layer to prevent 
electron charging. The specimens with the highest CNT loading were conductive enough and 
did not require coating. Imaging was done using an accelerating voltage of 5 kV at 3-5mm 
working distance. 
4. Results and discussion 
4.1. Prepreg appearance 
From visual examination of the prepregs, the impregnation appeared to have been successful. 
Drying the prepreg overnight at ambient conditions allowed the majority of the water to 
evaporate. The resulting sheets were rigid, suggesting that the matrix particles had adhered to 
the carbon fibres, holding the tows together (Figure 61). Microscopic powder particles and 
macroscopic powder clusters could be observed on the surface (Figure 62). The clusters, in 
particular, reached dimensions on the order of a few hundred micrometers, sufficiently large 
to disturb fibre alignment and thus negatively impact compression performance. More 
worryingly, the large CNT loading in the powder particles rendered them viscoelastic, 
reducing the extent of matrix flow during consolidation, a process which tends to make a 
laminate more homogenous. The vf of the plies calculated using Equation ( 32 ranged from 
40 to 65%. Although the values were only a rough estimate, they proved useful in ranking the 
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prepregs so that those with vf closest to 55% could be placed closest to the interlaminar 
region. 
 
Figure 61. Impregnated prepreg sheet after drying and hot pressing. 
 
Figure 62. Optical micrograph of prepreg manufactured with PNC powder containing 11.5 vol% CNTs. 
1 mm 
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4.2. Laminate composition and microstructure 
The vf of the laminates were surprisingly close to the target value of 55% (Table 11) 
considering the novelty of the manufacturing procedure. The void fractions in the baseline 
laminate and the one containing 2 vol% CNTs are encouragingly low and are evidence that 
the material was indeed sufficiently consolidated. The higher void content of the HC with the 
higher CNT loading suggests that the large amount of CNTs in the matrix drastically 
increased its viscosity, leading to less successful consolidation. 
Table 11. Fibre and void volume fractions as measured by acid digestion of laminates with varying CNT loadings. 
CNT volume fraction 
in matrix (%) 
CNT volume fraction 
in composite (%) 
vf (%) Void volume fraction (%) 
0 0 55.±0.6 0.6±0.2 
4.9 2.0 58.8±0.7 0 
11.5 5.5 49.7±0.9 2.7±1.7 
 
Based on the calculated volume fractions it was also determined that the overall CNT volume 
fractions in the HCs were 2.0 and 5.5%. To date, the highest reported CNT loading in an HC 
was 12% by weight of matrix [138]; the HC with the highest CNT loading manufactured 
through the process presented here contains 50% more CNTs.  
Optical microscopy of polished cross sections confirmed that the HCs containing 5.5 vol% 
CNTs were indeed riddled with microscopic voids (black regions in Figure 63a). In contrast, 
the baseline composite had only few, isolated voids (Figure 63b). 
103 
 
 
Figure 63. Optical micrographs of polished a) HC with 5.5 vol% CNTs and b) baseline composite sections showing 
voids and fibre/matrix dispersion. 
Additionally, the optical micrographs also provided information about the fibre and matrix 
dispersion. The high viscosity of the PNC matrix has clearly impeded flow and caused 
segregation of matrix and fibres during the consolidation, as evidenced by the grey resin rich 
regions in Figure 63a. The resin rich regions within the HC laminate could also be associated 
with the powder clusters on the surface of the individual prepregs. The resistance of the PNC 
matrix to flow would also prevent filling any gaps between or within plies, giving rise to the 
observed voids. On the contrary, the relatively low viscosity of the neat epoxy resin has 
1 mm 
a) 
1 mm 
b) 
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allowed for the consolidation of a laminate with a homogeneous fibre and matrix dispersion 
(Figure 63b).  
The ply boundaries can be identified to a small extent in both images of Figure 63, appearing 
to undulate. The undulation in these laminates was less pronounced compared to laminates 
previously manufactured with plies that were not individually hot pressed. However, the 
inconsistent tow overlap gives rise to plies with variable thickness even after individual hot 
pressing that will induce the observed undulations in the laminate. This fibre misalignment 
could artificially enhance the fracture toughness by providing a more tortuous path for crack 
growth, while reducing compression strength by promoting microbuckling of the fibres. 
The microstructure of the HCs was studied by SEM. Figure 64 shows the fracture surface of 
the control laminate where the offset between the -3° ply and the 0° ply is clearly visible. 
Most importantly, this micrograph confirms that the matrix was homogeneously distributed 
through the laminate as no patches are present while the debris on the extremities of the 
image most likely resulted from the facture process. The HCs not only contained voids and 
matrix rich regions as evidenced in Figure 63a, but closer inspection of the fracture surfaces 
revealed that the matrix is segregated into CNT rich and CNT devoid regions. From Figure 
65 of the HC containing 2.0 vol% CNTs it is clear that the lighter coloured regions contain 
CNTs while the darker ones contain just resin. In the HC containing 5.5 vol% CNTs (Figure 
66), the heterogeneity is even more pronounced due to higher matrix viscosity and, therefore, 
more resistance to flow. Furthermore, the dimensions of the CNT rich regions in the HC with 
the higher CNT loading are on the order of 100 μm, which correlate with the size of the larger 
PNC powder particles in the impregnation suspension. Based on this observation, a more 
homogeneous laminate microstructure should be achievable by reducing the particle size of 
the powder impregnation precursor. 
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Figure 64. SEM images at 82x magnification of baseline composite with a homogeneous matrix distribution. 
 
200 μm 
a) 
100 μm 
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Figure 65. SEM images at a) 200x, b) 5000x magnification of HCs with 2.0 vol% CNTs showing CNT segregation in 
the matrix. 
 
Figure 66. SEM images at 200x magnification of HCs with 5.5 vol% CNTs showing CNT-rich matrix patches on same 
scale as the precursor powder particles. 
b) 
10 μm 
100 μm 
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4.3. Electrical conductivity 
The resistivities in the through-thickness direction of both the baseline composite and the 
HCs (Table 12) are within the 10
-3
 to 10
-1
 Ω·m range, as previously observed with composites 
made from UD prepregs [67, 163, 164]. Electrophoretic deposition of 0.25% CNTs by weight 
of the mats yielded a 30% improvement in through thickness conductivity. [165] The lower 
than expected improvement was attributed to an insufficient amount of individually 
distributed CNTs not forming a percolating network. It is thus significant that by introducing 
2.0 and 5.5% CNTs by volume of composite, the through thickness electrical conductivity 
improved by 119% and 152%, respectively. Moreover, in light of the microstructural 
inhomogeneity one would expect that a more homogeneous matrix distribution would 
enhance the electrical conductivity as a result of more points of contact between the fibres 
and the conductive constituents of matrix. However, a nearly ten-fold enhancement in 
through-thickness electrical conductivity was reported for an HC containing 10% CNTs by 
weight of the matrix. [166] The magnitude of the improvement can be attributed to the nature 
of the processing where PNC films were place between fibre mats and consolidated under 
compression. This process would force resin into the fibre layers, leaving high concentrations 
of CNTs in the interlaminar region that along with the carbon fibres form a conductive path 
through the thickness of the composite. 
Table 12. Through thickness electrical resistivity and conductivity of laminates with varying CNT contents. 
CNT volume fraction in 
composite (%) 
Through-thickness 
resistivity (Ω·m) 
Through-thickness 
conductivity (S/m) 
0 0.055±0.009 12±2 
2.0 0.024±0.003 46±6 
5.5 0.020±0.002 53±5 
With regards to EMI shielding, increasing the surface areas of continuous carbon fibres in a 
composite by activation has been shown to improve shielding effectiveness by 30% due to 
multiple reflections. [167] CNTs are ideal candidates as matrix fillers for composite EMI 
shielding because their intrinsic electrical conductivity enhances shielding by reflection, their 
high aspect ratio improves connectivity and their small size relative to the skin depth should 
allow for extensive multiple reflections. [168] Unfortunately HCs have not yet been directly 
tested yet for EMI shielding. 
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4.4. Mode I fracture toughness 
Neither the control composite nor the HCs showed any unstable Mode I crack growth with 
the GIc values rising after initiation through a matrix rich pocket and remaining flat 
throughout crack propagation (Figure 67). The falling R-curve behaviour typical for cracks 
propagating interlaminarly through unidirectional composites was not observed because there 
was a small degree of fibre bridging (see Figure 68). 
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Figure 67. Typical R-curves from DCB testing of HCs. 
 
 
Figure 68. Crack bridging in HC specimen undergoing DCB testing. 
The initiation and propagation values for the baseline composite (Table 13) are high relative 
to those typically measured for conventional carbon fibre-thermosetting resin laminates (100-
200 J/m
2
 [169]). The large molecular weight of the resin that makes it solid at ambient 
temperatures and thus attractive for this processing route also gives it a GIC of ~500 J/m
2
, as 
measured by the SENB tests in Chapter IV. The addition of 2.0 vol% CNTs enhanced the 
initiation and propagation GIC values by 24% and 20%, respectively. Both the baseline 
3mm 
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composite and the HCs had standard deviations less than 10% of the toughness values 
averaged from at least five specimens, suggesting that the laminate panels did not contain 
macroscopic inhomogeneities. 
The average fracture toughness values of the HC containing 5.5 vol% CNTs are nearly 
identical to those of the baseline composite, although the standard deviations were as high as 
20% of the average values. The lower fracture toughness relative to the HCs containing 2.0 
vol% CNTs is attributed primarily to the higher void content (2.7±1.7), which does not 
provide any fracture resistance. The large variation in fracture toughness is attributed to 
inhomogeneities in the laminate due to the large matrix patches observed in Figure 66. 
Table 13. Fracture toughness values of HCs. 
CNT volume fraction (%) GIc initiation (J/m
2
) GIc propagation (J/m
2
) 
0 648±30 700±50 
2.0 791±43 840±22 
5.5 632±104 691±107 
The SEM images of the baseline composite fracture surfaces in Figure 69 exhibited 
morphology consistent with brittle fracture [153]: cracks had initiated at the fibre matrix 
interface and propagated radially into the surrounding matrix, giving rise to scarps and 
riverlines. The fibre-matrix interface itself did not appear to be tough, since the pulled out 
fibres were nearly devoid of any matrix (Figure 69a) and the resulting fibre tracks were 
smooth (Figure 69b). 
 
Figure 69. SEM micrographs of a) fibres and b) matrix in baseline composite. 
a) b) 
10 μm 10 μm 
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Figure 70. SEM micrographs of a) fibres and b) matrix in the HC containing 4.9 vol% CNTs. 
The fracture surfaces of the HC containing 2.0 vol% CNTs were distinctly different from 
those of the baseline composite and suggest a mechanistic change in the fracture process. The 
surfaces of the carbon fibres (Figure 70a) were at least partially covered in matrix, indicating 
that the crack had propagated both along the fibre-matrix interface and through the bulk 
matrix. The surface of the matrix (Figure 70b) both in the fibre tracks and in intralaminar 
regions was rough in appearance. Mechanistically, the surface roughness can be attributed to 
in and out of plane crack deflection induced by the CNTs. This mechanism is analogous to 
that observed in composite with thermoplastic toughened matrices where crack deflection is 
observed locally around the thermoplastic particles. [153] 
The toughening contribution of the CNTs could have two sources. The PNC matrix itself is 
30% tougher than the neat resin, which would be more than sufficient to account for the 20% 
fracture toughness enhancement in the laminate. However, the crack does not pass 
exclusively through the bulk matrix and assuming the carbon fibre-matrix interface has lower 
fracture toughness (smoother fracture surface) than the bulk matrix, the contribution of 
matrix dominated toughening would have to be weighted to the proportion of fracture area in 
the bulk matrix. The other mechanism arises from the heterogeneous microstructure. The 
alternating regions on the carbon fibre surface consisting of matrix patches and bare fibre 
suggest that the crack followed a tortuous path, which is a source of toughening because of 
the increased surface area created. The enhanced Mode I fracture toughness in the laminate is 
a combination of these two mechanisms as they are not mutually exclusive. The magnitude of 
the enhancement (20%) is not as significant as those reported in the literature most likely due 
to matrix embrittlement at high CNT loadings. 
a) b) 
10 μm 10 μm 
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Figure 71. Fracture surfaces of HC containing 11.5 vol% CNTs showing a,c) fibres completely coated with matrix 
and b) matrix and fibre track surface roughness. 
The rough matrix morphology is also observed on the fracture surfaces of the HCs containing 
11.5 vol% CNTs (Figure 71a and b). The fibres are completely coated in matrix (Figure 71c), 
indicating that the crack propagated exclusively by cohesive failure of the matrix. 
Unfortunately, the high void volume fractions (2.7±1.7%) in these HCs and the 
inhomogeneous distribution of nanoreinforced matrix (Figure 65) created complex crack 
growth that made fractographic data impossible to interpret in the context of the measured 
GIC values. Nonetheless, the toughening gained from introducing the CNTs is offset by the 
voidage in the laminate, resulting in reduced fracture toughness relative to the HC containing 
less CNTs. 
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Chapter VII Conclusion 
1. Synthesis of common themes 
Although high performance carbon fibre composites have become the state-of-the-art 
materials for structural applications, their performance is limited by matrix dominated 
properties. Of particular interest is their poor interlaminar fracture toughness which results in 
delamination and catastrophic failure of composite structures. Approaches such as Z-pinning 
and resin toughening improve fracture toughness, but also reduce in-plane properties. A 
recently developed alternative has been to toughen continuous fibre composites by 
reinforcement with CNTs, a method that also yielded improved in-plane performance. 
Introducing CNTs into continuous fibre composites has proven to be a challenging 
endeavour. Both conventional infusion and prepregging methods cannot cope with the high 
viscosities of nanoreinforced matrices and typically yield laminates containing voids and 
CNT agglomerates. The principal aim of current work was to redesign the manufacturing of 
HCs to accommodate CNT higher loadings. The PNC matrix is not only a necessary 
prerequisite to manufacturing HCs, but the characterisation of both materials has shed light 
on some themes that are common to the performance of both the matrix and the composite 
coupons. 
1.1. CNT dispersion and distribution 
It is clear from the literature that the agglomeration of CNTs at high loading fractions is 
fundamentally the phenomenon that accounts for both the poor performance of PNCs (0) and 
the viscosity related issues encountered during the manufacturing of HCs that result in poor 
quality laminates (Chapter V2). Following on from research on PNC processing by shear 
mixing methods such as calendaring, it has been demonstrated that extrusion can be 
successfully adapted to thermosets as sufficient shear forces develop to effectively disperse, 
exfoliate and distribute as much as 11.5 vol% CNTs in an epoxy resin. Unfortunately, the 
exposure of the inexpensive industrial grade CNTs with an estimated strength of < 2GPa to 
such high forces also reduced their aspect ratio to approximately 21, significantly lower than 
values in the 100-1000 range that are typically quoted in the literature [111]. The shortening 
and random orientation of the CNTs impacted the mechanical and multifunctional properties 
of the PNCs relative to others containing long, highly aligned CNTs [56]. This effect is 
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analogous to that observed in short carbon fibre composites which have tensile moduli one 
order of magnitude smaller compared to that of continuous carbon fibre composites. [170]  
Furthermore, even if good CNT dispersion and distribution are achieved when extruding the 
PNC, it is equally important to maintain these characteristics throughout the rest of 
processing. Previous attempts to consolidate PNCs or HCs containing high CNT 
concentrations that have not relied on some type of preform or aligned array have been 
hampered by reliance on the matrix to flow which, in turn, allows the CNTs to re-
agglomerate (Chapter V2.1). The powder based route explored in this work has successfully 
addressed the issue of CNT agglomeration by predominantly maintaining all constituents in 
the solid phase and therefore limiting the mobility of the CNTs throughout processing. Even 
at the highest CNT loadings (11.5 vol% in the PNC and 5.5 vol% in the HC) no CNT 
agglomerates were observed in the consolidated materials at both the matrix and laminate 
scale. 
However, restricting matrix flow can also hamper complete consolidation of dense 
composites. Compression moulding under vacuum successfully produced composites with 
negligible porosities in all cases, except for the HC containing the highest CNT loading. 
Although the individual plies all had vf close to 55%, they also had matrix rich areas with 
large PNC powder particles and dry, matrix devoid areas due to the broad particle size 
distribution of the PNC powder. The matrix with the highest CNT loadings became 
viscoelastic so that the particles on the high end of the size distribution could not flow 
sufficiently during consolidation to fill nearby dry regions. PNCs with the highest CNT 
loading were not porous because they did not contain carbon fibres which are rigid, immobile 
constituents that can promote matrix segregation and act as barriers to flow. 
1.2. Microstructures 
The viscoelastic nature of the nano-reinforced epoxy was also the source of another common 
theme for PNCs and HCs: microstructural inhomogeneity. At the highest CNT loadings the 
viscoelastic powder particles did not adequately fuse to form homogeneous PNCs. Allowing 
the powder to melt relax during consolidation both confirmed the nature of the problem and 
provided a means to mitigate it. The approach was successful for the PNCs with the highest 
CNT loading, resulting in improved electrical, thermal and mechanical properties due to a 
more connected and continuous CNT network. This method did not translate to HCs due to 
the carbon fibres restricting flow during consolidation and the resulting laminates contained 
large areas in the matrix that were distinctively CNT rich. The second method involved 
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sieving the powder to narrow the particle size distribution. Preliminary microscopy studies 
suggest that this method will yield PNCs with a more homogeneous microstructure, but the 
yield of sieved powder was not sufficient to manufacture PNC specimens for testing or HCs. 
1.3. Toughening 
Introducing CNTs into brittle matrices or carbon fibre reinforced composites has been shown 
to improve fracture toughness, a critical material property when considering damage 
tolerance applications. Extrapolating from short fibre mechanics, a number of analytical 
models describing CNT toughening of brittle resins have been identified, but have been 
dismissed when evaluated numerically. Surface roughness and crack path tortuosity were 
reoccurring observations when studying the fracture behaviour of PNCs and HCs and are 
perhaps the least well understood. The energy absorbed by creating the additional area is 
attributed to crack deflection and blunting, mechanisms which can be considered in the 
framework of the general interactions at the fibre-matrix interface in composites as described 
by Cook and Gordon (Figure 72). [99] 
 
Figure 72. Interaction between an advancing crack and a plane of weakness under various conditions. [99] 
The onset of the Cook-Gordon mechanism in an isotropic material occurs when the matrix 
strength to interface strength ratio is less than 1/5, which holds true for the PNC 
manufactured in this work. The contributions of crack deflection and blunting have been 
dismissed as negligible in continuous fibre unidirectional composites [103], and their 
contribution in isotropic materials containing short fibres has not been described 
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quantitatively. Furthermore, even if the Cook-Gordon mechanism could be applied relatively 
simply to the interaction between the CNTs and the resin in the PNCs, the problem becomes 
exceedingly complex in the case of HCs where the stress state around the CNTs becomes 
strongly influenced by the presence of the much larger carbon fibres and the interactions at 
the carbon fibre-matrix interface. Nevertheless, this mechanism can be observed on both 
nano- and micro scales in PNCs and HCs and a quantitative integration with other analytical 
models is critical to fully understanding toughening processes. 
2. Summary of key findings 
PNCs containing larger quantities of long, highly aligned CNTs have been manufactured and 
offer superior mechanical and multifunctional performance. However, the CNT preforms that 
are at the core of these materials are not yet as accessible and are significantly more 
expensive than catalytically grown CNTs in bulk. Therefore, the merits of this work will be 
considered in the context of state-of-the-art PNCs and HCs produced from bulk CNTs 
available in large quantities. 
Readily available, industrial grade MWCNTs were mixed with an epoxy resin via extrusion 
to produce PNC containing as much as 18.4 wt% (11.5 vol%) CNTs, the highest reported 
value for a homogeneous blending process. The extrusion together with the powder based 
consolidation form a novel route for producing PNCs that is attractive because large 
quantities of CNTs can be well distributed and dispersed in thermosetting matrices using 
conventional polymer processing techniques.  
Alteration of the processing condition to homogenise the microstructure improved the 
maximum electrical and thermal conductivities to 67 S/m and 0.77 W/m·K, respectively. The 
thermal conductivity is the highest achieved in a PNC with randomly oriented CNTs due to 
the large CNT loadings. The two conductivities qualify the material for applications that 
require EMI shielding and thermal dissipation capability. Calculation of the electrical 
percolation threshold also confirmed that good CNT dispersion and distribution were 
achieved. 
For the first time, the Young’s modulus of a PNC did not decline past a few weight percent of 
CNTs because they were not agglomerated. The maximum value of 5.3 GPa is the highest 
achieved and practically relevant for more efficient load transfer in HCs. Analytical models 
for Young’s modulus and stiffness were not only applied to determine that the PNC is 
relatively well behaved within the framework of short fibre mechanics, but also to calculate 
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approximate values for CNT and CNT-resin interface properties that are critical in evaluating 
fracture behaviour. With regards to fracture, it was observed and validated analytically that 
even intrinsically tough resins can be significantly toughened with small amounts of CNTs. A 
mechanism was also proposed that follows the progression of work of fracture with vf in a 
tough matrix while accounting for the formation of a percolating network. 
The PNC powder was also combined with continuous carbon fibres via a wet impregnation 
process that is novel to thermosetting composites to produce HCs containing as much as 
5.5% CNTs by volume of the laminate, the highest reported CNT loading in such materials. 
Mode I interlaminar fracture toughness tests showed that laminates containing 2 vol% CNTs 
had on average a 20% larger fracture toughness due their heterogeneous microstructure 
creating a more tortuous crack path. The through-thickness electrical conductivity of HCs 
was improved by as much as 152% relative to the baseline composite, making HCs good 
candidates for ESD applications and improving their shielding effectiveness against EMI 
relative to conventional composites. 
3. Recommendations for future work 
For the powder based processing route developed in this work, control of the PNC and HC 
microstructure is critical to obtaining the desired properties. Given the issues encountered 
with powder particle size, and specifically its impact on HC microstructure, grinding the 
powder to a finer and narrower particle size distribution seems to be the best solution. 
Although plastic deformation of the PNC powder particles to make a completely 
homogeneous microstructure is not achievable at high CNT loadings, reducing their size and 
thus the distance over which resin is squeezed out into the interstitial particle space would 
reduce CNT-resin segregation. In the case of the HCs, the carbon fibre diameter (~ 6μm) 
provides a good target for the average powder particle size; if the size of the powder particles 
is similar to the carbon fibre diameter, the length scale for resin flow is sufficiently small so 
that the fibres do not act as a significant barrier to forming a homogeneous microstructure in 
the consolidated HC laminates. At high CNT loadings where the viscosity of PNCs is only 
weakly dependent on temperature, melt relaxation is not a feasible mechanism for 
consolidation [171], regardless of the power particle size. At the same time, keeping with the 
powder based processing route still ensures that good CNT dispersion and distribution are 
maintained in both PNCs and HCs. Jet milling is a technique that can not only produce 
powder with narrow particle size distribution even at the micrometre scale, but it is also 
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scalable in volume. A cryogenic variant could be considered as a better alternative to 
cryogenic ball milling. 
With regards to material selection there are considerations for both the resin and the CNTs. 
The epoxy resin used in this work was practical for developing the powder based processing 
route because it is a solid, but that same characteristic gives it a low cured Tg of less than 
100°C that makes it impractical for aerospace or any applications where it is exposed to high 
temperatures. An aerospace grade resin, such as RTM 6, could be compatible with the 
extrusion process as even at temperatures as high as 140°C, the processing window allows 30 
minutes of residence time, which is more than sufficient for mixing with CNTs. However, 
employing a liquid resin would complicate the powder impregnation HC processing because 
a suspension medium other than water would be necessary to maintain a temperature lower 
than that of the uncured resin (~ -20°C), making simple drying of the prepregs impossible. 
Changing to an alcohol solvent could be one solution, but the solvent may swell the powder 
particles and thus reduce the extent of impregnation. Alternatively, the process could be 
completely altered so that electrostatically charged powder particles could be deposited 
solvent-free onto the carbon fibre tows, followed by brief heating so that the powder adheres 
to the fibre tows before they are wound. 
If the type of matrix impacts thermo-mechanical properties and the suitability of a processing 
route, the quality of the CNTs is absolutely critical to the PNC mechanical properties. If the 
initially high aspect ratio of CNTs could be maintained along with good dispersion and 
distribution, the CNTs could support more load and the mechanical performance of the PNCs 
could be enhanced. If the shear forces to which CNTs are subjected during extrusion are 
reduced by lowering melt viscosity, their aspect ratio could be maintained; however, the 
quality of the dispersion and distribution would suffer with less potent shearing. If high shear 
processes are to continue being used to manufacture PNCs with high CNT loadings, the only 
viable solution is to have better quality and stronger CNTs; of course, having stronger CNTs 
is beneficial in its own right with regards to their load carrying capacity and strength of the 
PNC. Depending on whether a strong CNT-resin interface is desired, CNT functionalisation 
is becoming more sophisticated by avoiding CNT damage, and also more accessible on larger 
scales. 
The properties of all constituents as well as their interfaces dictate how PNCs and HCs 
fracture and their fracture toughness, the critical composite property for damage tolerance 
applications. If PNCs are based on intrinsically tough matrices, the matrix toughness and 
particle debonding at large strains will always dominate. However, it would be interesting to 
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learn whether post-percolation embrittlement in tough matrices can be alleviated by 
producing more microstructurally homogeneous PNCs with high loadings of well dispersed 
and distributed CNTs. In brittle matrices, simple analytical models suggest that strong, large 
diameter CNTs which are longer than the critical length for the system could contribute 
significant toughening through post-fracture relaxation and stress redistribution. Different 
combinations of resin and CNT properties could potentially result in combinations of 
toughening mechanisms and enhanced fracture toughness. For example, orientating CNTs 
diagonally away from the crack path in a resin with a small process zone relative to CNT 
length could result in extensive crack branching. Looking further on, CNTs could be 
specifically designed to introduce new toughening mechanisms, such as CNTs with 
controllable waviness that could create a tortuous crack path on their length scale. 
In the case of HCs, in addition to any of the aforementioned nano scale toughening 
mechanisms exclusive to the matrix, one should also consider means of toughening on the 
micro scale. A mechanism that has been observed in this work is increased crack path 
tortuosity due to microstructural inhomogeneity. An approach to exploit this mechanism 
further could be to engineer a heterogeneous matrix microstructure containing regions with 
varying CNT loading with some degree of regularity to create a tortuous path of least 
resistance for the crack. The concept of controlled heterogeneity to improve toughness is in 
fact long dating. [172] The advantage of this approach over including thermoplastic particles 
is that in-plane properties are not affected. In this manner, true hierarchical composites could 
be manufactured where modifications at the nano scale influence properties at the micro 
scale. 
On the whole, the main challenges with PNCs are to use high quality, strong CNTs and to 
validate micromechanical models of fracture at the nanoscale. The latter can be achieved by 
in-situ observation of crack propagation using a mechanical test stage inside an SEM and 
visually monitoring the crack tip while loading the specimen. Percolating network mechanics 
are also becoming better understood [122, 173] and challenge existing analytical 
micromechanical models. Hybrid nanoparticle systems with controlled nano morphology 
[174] could also prove to be an interesting approach. For HCs, the challenge remains to 
optimise the powder impregnation route as thus far it is the only one that circumvents 
viscosity related issues when using a matrix with high CNT loadings. Looking forward, 
introducing thin (1-10μm) CNT preforms in the interlaminar space could not only enhance 
matrix dominated properties, but could also simplify processing by simply laying up CNT 
sheets between conventional prepregs.  
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